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E F F E C T S  O F  S O L V E N T  S W E L L I N G  A N D  S H E A R  T R E A T M E N T  
O N  T H E  D I G E S T I B I L I T Y  O F  C E L L U L O S I C S  
D o u - H o u n g  H w a n g  
D e p a r t m e n t  o f  C h e m i c a l  E n g i n e e r i n g  
U n i v e r s i t y  o f  M i s s o u r i  
C o l u m b i a ,  M O  
A B S T R A C T  
P r i o r  t o  a  4 8 - h r  c e l l u l a s e  d i g e s t i o n ,  m i l l i n g  o f  f i l t e r  p a p e r  i n  a  
m o d i f i e d  a t t r i t i o n  m i l l  f o r  2 0  m i n . ,  u n d e r  2 3 0  p s i  c o m p r e s s i o n ,  g a v e  a  3 0 %  
i n c r e a s e  i n  d i g e s t i b i l i t y .  F i l t e r  p a p e r  s w e l l e d  i n  t h e  n o n - a q u e o u s  s y s t e m -
D M S O + l O %  C H
3
N H / H C 1  h a d  a  4 1 %  i n c r e a s e  i n  d i g e s t i b i l i t y  a t  t h e  e n d  o f  t h e  
4 8 - h r  d i g e s t i o n  p e r i o d .  
W e t t i n g  d r y  c e l l u l o s e  f i r s t  w i t h  t h e  e n z y m e  s o l u t i o n  r a t h e r  t h a n  c i t r a t e  
b u f f e r  s o l u t i o n  i n  t h e  s t a n d a r d  c e l l u l a s e  d i g e s t i o n  t e s t ,  r e s u l t e d  i n  a  3 5 %  
i n c r e a s e  i n  d i g e s t i b i l i t y .  
I N T R O D U C T I O N  
E n z y m a t i c  h y d r o l y s i s  o f  w a s t e  c e l l u l o s e  i s  b e i n g  i n c r e a s t n g l y  i n v e s t i -
g a t e d  a s  a  m e a n s  o f  c o n v e r t i n g  i n e x p e n s i v e  r a w  m a t e r i a l s  t o  g l u c o s e  a n d  o t h e r  
v a l u a b l e  c h e m i c a l s .  
C e l l u l o s e  i n  i t s  n a t i v e  f o r m  i s  q u i t e  r e s i s t a n t  t o  e n z y m a t i c  d e g r a d a -
t i o n .  T h i s  i s  m a i n l y  d u e  t o  f a c t o r s  s u c h  a s :  
a )  m o i s t u r e  c o n t e n t  o f  t h e  c e l l u l o s e  
b )  s i z e  a n d  d i f f u s i o n  c h a r a c t e r i s t i c s  o f  r e a g e n t  
m o l e c u l e s  i n v o l v e d  i n  t h e  h y d r o l y s i s  p r o c e s s  
c )  d e g r e e  o f  c r y s t a l l i n i t y  o f  t h e  c e l l u l o s e  
d )  u n i t - c e l l  d i m e n s i o n s  o f  t h e  c r y s t a l l i t e s  p r e s e n t  
e )  c o n f o r m a t i o n  a n d  s t e r i c  r i g i d i t y  o f  t h e  a n h y d r o g l u c o s e  
u n i t s  
f )  d e g r e e  o f  p o l y m e r i z a t i o n  o f  t h e  c e l l u l o s e  
g )  t h e  n a t u r e  o f  t h e  s u b s t a n c e s  a s s o c i a t e d  w i t h  
c e l l u l o s e  e . g .  l i g n i n ,  p h e n o l i c s ,  a n d  h e m i c e l l u l o s e ,  e t c .  
h )  t h e  n a t u r e ,  c o n c e n t r a t i o n ,  a n d  d i s t r i b u t i o n  o f  s u b s t i t u e n t  
g r o u p s  s u c h  a s ,  m e t h y l ,  e t h y l ,  a n d  c a r b o x y m e t h y l ,  e t c .  
T h e  s t r u c t u r e  o f  t h e  c e l l u l o s i c  m a t e r i a l s  i s  m o b i l e  a n d  l i a b l e  t o  
c h a n g e ,  a n d  i t  i s  p o s s i b l e  t o  m o d i f y . t h e  d e g r e e  o f  p e n e t r a t i o n  o f  t h e  
c e l l u l o l y t i c  e n z y m e s  i n s i d e  t h e  c e l l u l o s e  b y  m e a n s  o f  v a r i o u s  c h e m i c a l  
a n d  p h y s i c a l  t r e a t m e n t s ,  t h a t  i s ,  t o  a l t e r  t h e  s y s t e m  o f  s u b m i c r o s c o p i c  
s p a c e s  a c c e s s i b l e  t o  e n z y m e s .  
2 
To enhance the hydrolysis rate, many chemical and mechanical pretreat-
ment techniques, e.g. NH3 and so2 treatment, steaming, irradiation, and 
grinding have been developed but none has yet proved cost effective. Only 
mechanical treatments and swelling are discussed in this paper. 
Grinding, milling, and cutting are common unit processes in the chemical 
industry and are employed in order to achieve both size reduction and an 
increase in surface area of the substance being so treated. When these same 
processes are applied to cellulose the size reduction is also accompanied 
by physical and chemical alterations of the polymer. These alterations may 
occur in the form of crystal lattice deformation and concurrent reduction 
in degree of polymerilation, or they may be less severe and result only in 
minor changes in particle size. Tassinari and Macy (1) observed that dif-
ferential speed two roll milling was an effective pretreatment for increasing 
the susceptibility of cellulose to enzymatic hydrolysis. Ball milling of 
newspaper prior to a 24-hr cellulase digestion gave a 62% increase in cellu-
lose digestion compared to a 125% increase obtained from two-roll milling 
for an equal time. 
The mercerization of cellulose has been investigated intensively. The 
mercerizing process causes changes in the distribution of crystallites and 
amorphous material, some depolymerization, and an increase of the internal 
surface area. The swelling can be explained by three different but related 
theories. The first is that the fiber surface acts as a semipermeable mem-
brane inside which osmotic pressure is built up as a consequence of the 
solution of cellulose chains in the solvent. The second theory is that 
solvation of the adduct cellulose renders the effect. The third is that 
the swelling is caused by the electrostatic repulsion between the cellulose 
particles, which are charged as a result of ionization. 
Ogiwars and Arai (2) investigated some relationships between the hydro-
lysis rate (DMD %) with cellulase and the degree of swelling of the cellulose 
using NaOH and Znc1 2. They found that a linear relationship between the 
hydrolysis rate and the degree of swelling was observed, but the slope of· 
the regression line varied when different treating reagents were used. 
Most of the swelling processes have been done in aqueous solution. 
Philipp, Schleicher, and Wagenknecht (3) did a survey of non-aqueous 
cellulose solvent systems. It was observea that several one-component sys-
tems, two-component systems, and three-component systems, e.g., trifluoro-
acetic acid, SO-amine, SO?-diethylamine-formamide, and SOC1 2-diethylamine-formamide, were satisfactory in d-issolving cellulose. I 
M A T E R I A L S  A N D  M E T H O D S  
M e c h a n i c a l  T r e a t m e n t :  
a )  M o d i f i e d  a t t r i t i o n  m i l l :  a  s m a l l  c y l i n d e r  ( I . D .  =  3  i n . )  w a s  
f i t t e d  w i t h  a  p i s t o n - l i k e  s h a f t  w h i c h  w a s  c o n n e c t e d  t o  a  
d r i l l  p r e s s  a n d  r o t a t e d  a t  t h e  s p e e d  o f  1 0  R P M .  
b )  S h e a r  t e s t :  b y  c h a n g i n g  t h e  s h e a r i n g  t i m e  o r  v a r y i n g  t h e  
c o m p r e s s i o n  f o r c e ,  t h e  a i r - d r i e d  f i l t e r  p a p e r  ( W h a t m a n  N o .  1 ,  
4 0  m e s h )  w a s  s h e a r e d  i n  t h e  a b o v e  m i l l ,  a n d  t h e  r e s u l t i n g  
f l a k e s  w e r e  b l e n d e d  i n  a  h i g h  s p e e d  b l e n d e r ,  t h e n  d r i e d  i n  
a n  o v e n  u n d e r  v a c u u m .  
S w e l l i n g  T r e a t m e n t :  
a )  S w e l l i n g  i n  s o d i u m  h y d r o x i d e :  a b o u t  3  g  o f  t h e  a i r - d r i e d  
f i l t e r  p a p e r  w a s  s o a k
0
d  i n  6 0  m l  o f  5 %  s o d i u m  h y d r o x i d e  s o l u -
t i o n  f o r  3  h o u r s  a t  4  C ,  a n d  f i l t e r e d  t h r o u g h  a  W h a t m a n  5 4 1  
f i l t e r .  T h e  s w e l l e d  p u l p  w a s  w a s h e d  w i t h  m e t h a n o l  t h o r o u g h l y  
a n d  s o a k e d  i n  t h e  s o l v e n t  o v e r n i g h t
6  
T h e n  t h e  p u l p  w a s  f i l -
t e r e d  a n d  d r i e d  u n d e r  v a c u u m  a t  1 1 0  C .  
b )  S w e l l i n g  i n  D M S O - C H
3
N H
2
. H C 1 :  a t  v a r i o u s  v a l u e s  o f  t h e  s w e l l -
i n g  t i m e ,  p e r c e n t a g e  o f  C H
3
N H
2
. H C l ,  o r  t e m p e r a t u r e  t h e  a i r -
d r i e d  f i l t e r  p a p e r s  w e r e  c o n t a c t e d  w i t h  t h e  D M S O - C H
3
N H
2
. H c l  
s o l u t i o n ,  a n d  t h e n  f i l t e r e d .  T h e  s w e l l e d  p u l p  w a s  r i n s e d  
w i t h  w a t e r  ( o r  m e t h a n o l )  c o m p l e t e l y ,  t h e n  f i l t e r e d  a n d  d r i e d  
i n  a n  o v e n  u n d e r  v a c u u m .  
c )  S w e l l i n g  i n  D M S O :  a b o u t  2  g  o f  t h e  a i r - d r i e d
0
f i l t e r  p a p e r  
w a s  s o a k e d  i n  3 0  m l  o f  D M S O  f o r  4 0  m i n .  a t  7 0  C  a n d  f i l t e r e d ,  
w a s h e d ,  a n d  d r i e d .  
d )  U n d r i e d  s a m p l e s :  t h e  f i l t e r  p a p e r  s o a k e d  i n  w a t e r  f o r  3 0  
m i n .  a n d  t h e  s w e l l e d  p u l p  ( i n  D M S 0 - 1 0 %  C h
3
H N
2
. H C 1 )  w a s h e d  
w i t h  w a t e r  w e r e  f i l t e r e d  t h r o u g h  W h a t m a n  N o .  5 4 1  f i l t e r s  
u n t i l  s u p e r f i c i a l  d r y n e s s .  
3  
A l l  o f  t h e  p r e p a r e d  s a m p l e s  a b o v e  w e r e  t e s t e d  f o r  d i g e s t i b i l i t y  b y  
a  s t a n d a r d  c e l l u l a s e  d i g e s t i o n  t e s t .  -
S t a n d a r d  C e l l u l a s e  D i g e s t i o n  T e s t  P r o c e d u r e  
A b o u t  2 5 0  m g  o f  c e l l u l o s e  w a s  w e i g h e d  o u t .  T o  i t  3  m l  o f  0 . 0 5  M  
c i t r a t e  b u f f e r  s o l u t i o g  ( p H  4 . 8 }  w a s  a d d e d ,  a n d  t h e  w e t  c e l l u l o s e  s t o r e d  
i n  t h e  r e f r i g e r a t o r  ( 4  C )  o v e r n i g h t .  T h e  s a m p l e  w a s  i n n o c u l a t e d  w i t h  2  
m l  o f  c i t r a t e  b u f f e r  s o l u t i o n  c o n t a i 9 i n g  2 . 5 %  b y  w e i g h t  o f  a  I ·  v i r i d e  
c e l l u l o s e  p o w d e r  a n d  i n c u b a t e d  a t  5 0  C  f o r  t h e  d e s i r e d  p e r i o d  o f  t i m e .  
- - - - - - - - -
----------- -~---~-- -- ~-~-
Comparison of Methods with Different Wetting Procedures: 
a) Prior to adding 3 ml of citrate buffer solution, 250 mg 
of dry cellulose was wetted in 2 ml of 2.5% cellulase 
citrate buff0r solution for 5-10 min. Then the sample 500C. was set at 4 C for 10 hrs, and subsequently incubated at 
b) 5 ml of 1% cellulase citrate auffer solution used to wet 
the cellulo0e for 10 hrs at 4 C, and subsequently incu-bated at 50 C. 
c) 3 ml of citrate buffer was used to wet the cellulose for 
10 hrs. To the sample, 2 ml of 2.5% cellulase citrate0buf-fer solution was added, and the sample wa~ stored at 4 C 
for another 10 hrs. Then incubated at 50 C. 
d) The standard test was run in parallel. 
Kinetic Study of the Swelling Process in DMS0-10% CH3NH2.HC1: 
A series of 150 mg of air-dried filter paper samples (bed volume 
1.8 ml) were swelled in 5 ml of DMSO-CH3NH 2.HC1 at room temperature, 
40°, 60°, 70°, and 100°C. The bed volume change was recorded at dif-
ferent time intervals. Tests were run in 10 ml graduate cylinders. 
RESULTS AND DISCUSSIONS 
4 
The shear force provides an effective means of breaking the physical 
structure of cellulose, especially in reducing the amount of crystalli-
nity. Figure 1 shows that the enzymatic hydrolysis rate increases 
linearly with the duration of the shear time. The test of the hydroly-
sis rate vs. the compression force did not show significant results. The 
reason is possibly due to the inactivation of the cellulase by a large 
amount of iron which came from the wall of the cylinder during the shearing 
process and was visible in the sample. 
Table 1 shows the effects of different preparations on the digesti-
bility of the filter paper. It has been known for a long time that drying 
increases the crystallinity of cellulose, consequently, the air-dried 
samp 1 e was understandably more resistant to enzymatic degradation. The 
swelling agent swells the cellulose by solvating the molecules, thus open-
ing up the fine structure so that the substrate is more accessible to 
cellulolytic enzymes. Although DMSO is a good swelling agent, CH3NH2 can 
penetrate even into the highly ordered regions, forming an adduct, which 
in turn is solvated by DMSO molecules. Hence the structure is further 
opened. The mechanisms of DMSO-CH3NH2 swelling have been proposed as 
fO 11 OWS ( 3) : 
5  
R e g e n e r a t i o n  o f  t h e  c e l l u l o s e  p u l p  f r o m  n o n - a q u e o u s  s o l v e n t s  g e n e r a l l y  
s h o w s  a  t r e n d  t o  a  s o m e w h a t  l o w e r  s t a t e  o f  o r d e r  - a s  m e a s u r e d  b y  x - r a y  d i f -
f r a c t i o n  - c o m p a r e d  t o  s a m p l e s  r e g e n e r a t e d  f r o m  w a t e r .  T h e r e f o r e ,  f i l t e r  
p a p e r  r e g e n e r a t e d  f r o m  m e t h a n o l  s h o w e d  a  h i g h e r  h y d r o l y s i s  r a t e  t h a n  t h a t  
r e g e n e r a t e d  f r o m  w a t e r .  
D u r i n g  t h e  d r y i n g  s t a g e ,  t h e  r e m o v a l  o f  w a t e r  m o l e c u l e s  b r i n g  c e l l u l o s e  
c h a i n s  m u c h  c l o s e r ,  t h u s  t h e  o v e n - d r i e d  c e l l u l o s e  i s  d e n s e r  t h a n  t h e  u n d r i e d  
c e l l u l o s e  o r  e v e n  t h e  u n t r e a t e d  a i r - d r i e d  c e l l u l o s e .  F o r z i a t i  e t  a l .  ( 4 )  
f o u n d  t h a t  t h e  s p e c i f i c  s u r f a c e  a r e a  o f  a  s a m p l e  t r e a t e d  w i t h  w a t e r - f o l l o w e d  
b y  d i s p l a c e m e n t  o f  w a t e r  b y  o r g a n i c  s o l v e n t s  a n d  d r i e d  w a s  1 2 6  t i m e s  a s  m u c h  
a s  t h a t  o f  t h e  u n t r e a t e d  a i r - d r i e d  s a m p l e .  A s  s h o w n  i n  T a b l e  1 ,  t h e  h y d r o l y -
s i s  r a t e  o f  t h e  s a m p l e  t r e a t e d  w i t h  w a t e r  a n d  d r i e d  w a s  1 4 %  l e s s  t h a n  t h a t  
o f  t h e  u n t r e a t e d  s a m p l e .  O n  t h e  c o n t r a r y ,  t h e  t r e a t e d  s a m p l e  k e p t  u n d r i e d  
h a d  a  1 4 %  i n c r e a s e  i n  t h e  r a t e  o f  t h e  e n z y m a t i c  h y d r o l y s i s .  
F i g u r e s  2 ,  3 ,  a n d  4  s h o w  t h e  o p t i m i z a t i o n  o f  t h e  s w e l l i n g  p r o c e s s .  
T h e  o p t i m u m  c o n d i t i o n s  h a v e  b e e n  d e t e r m i n e d  t o  b e :  
0  
T e m p e r a t u r e - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 7 0  C  
M o l a r  r a t i o  o f  C H
3
N H
2  
t o  g l u c o s e - - - - - - - - - - - - - - - - - - - - 3 : 1  
S o l v e n t  volume-------------------------------------
0
15f~1fJr5p~per 
W i t h  r e g a r d  t o  t h e  h e a t  o f  s w e l l i n g ,  t h e  D M S O  s y s t e m  i s  d i f f e r e n t  
f r o m  a q u e o u s  s y s t e m s .  T h e  l a t t e r  s y s t e m  i s  a c c o m p a n i e d  w i t h  t h e  e v o l u t i o n  
o f  h e a t ,  t h e  f o r m e r  w i t h  t h e  u p t a k e  o f  h e a t .  
F i g u r e  5  s h o w s  t h a t  t h e  s w e l l i n g  i n  t h e  D M S O - C H
3
N H  . H C l  s y s t e m  o r  
5 %  N a O H  s o l u t i o n  g a v e  a  h i g h e r  h y d r o l y s i s  r a t e  a l o n g  th~ e n t i r e  i n c u b a -
b a t i o n  c o u r s e  c o m p a r e d  t o  d i g e s t i b i l i t y  o f  t h e  n o n - t r e a t e d  s a m p l e .  T h i s  
i n d i c a t e s  t h a t  s o m e  i n t e r c r y s t a l l i n e  a n d  i n t r a c r y s t a l l i n e  s w e l l i n g  t o o k  p l a c e .  
F i g u r e  6  s h o w s  t h a t  t h e  h y d r o l y s i s  r a t e  i s  i n c r e a s e d  b y  w e t t i n g  t h e  
c e l l u l o s e  f i r s t  w i t h  t h e  e n z y m e  s o l u t i o n .  A l s o  t h a t  t h e  m o r e  c o n c e n t r a t e d  
t h e  e n z y m e  s o l u t i o n ,  t h e  m o r e  p r o m i n e n t  t h e  e f f e c t  i s .  T h i s  i s  p r o b a b l y  
d u e  t o  t h e  f a c t  t h a t  e n z y m e  a t t a c k s  t h e  c e l l u l o s e  s u r f a c e  i m m e d i a t e l y  a f t e r  
t h e  a d d i t i o n  o f  t h e  e n z y m e  s o l u t i o n  w i t h o u t  t h e  f o r m a t i o n  o f  a  b o u n d - w a t e r  
f i l m  w h i c h  i s  r e s i s t a n t  t o  t h e  m a s s  t r a n s f e r  o f  t h e  b u l k  e n z y m e  s o l u t i o n  
t o  t h e  c e l l u l o s e  s u r f a c e .  
T h e  r a t e  o f  s w e l l i n g  i n c r e a s e d  w i t h  t e m p e r a t u r e  a s  s h o w n  i n  F i g u r e  7 .  
I t  t o o k  a b o u t  1 6 - 2 0  h r s  t o  r e a c h  a  s t e g d y  s t a t e  a t  r o o m  t e m p e r a t u r e .  A t  
e l e v a t e d  t e m p e r a t u r e ,  f o r  i n s t a n c e ,  7 0  C  t h e  sy~tem r e a c h e d  s t e a d y  s t a t e  
i n  3 0  m i n .  A  p l o t  o f  t h e  l o g ( r a t e ) m a x  v s  1 / T  (  K )  r e s u l t e d  i n  a  s t r a i g h t  
l i n e  a s  s h o w n  i n  F i g u r e  8 .  S i n c e  o n l y  t h e  a m o r p h o u s  r e g i o n  s w e l l s  i n i t i a -
l l y ,  i t  m a y  b e  i n t e r e s t i n g  t o  r e l a t e  t h e  f r a c t i o n  o f  c r y s t a l l i n i t y  t o  t h e  
s w e l l i n g  k i n e t i c s .  F u r t h e r  s t u d y  i s  n e e d e d  t o  c o n f i r m  t h i s  p h e n o m e n u m .  
----------~------ --
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T a b l e  1 :  C o m p a r i s o n  o f  D i f f e r e n t  T r e a t m e n t s  
T r e a t m e n t  G l u c o s e  p r o d u c e d  ( g / l } a  
1 .  C o n t r o l  s a m p l e  ( a i r - d r i e d )  9 . 9  
2 .  S w e l l e d  i n  w a t e r ,  t h e n  d r i e d  i n  a n  
o v e n  a t  l l O O C  8 . 5  
3 .  S w e l l e d  i n  D M S O ,  t h e n  r e g e n e r a t e d  i n  
w a t e r ,  v a c u u m  - o v e n  d r i e d  9 . 2  
4 . ·  S w e l l e d  i n  D M S O ,  t h e n  r e g e n e r a t e d  i n  
M e O H ,  v a c u u m - o v e n  d r i e d  1 1 . 5  
5 .  S w e l l e d  i n  D M S 0 - 1 0 %  C H
3
N H
2
. H C 1 ,  t h e n  
r e g e n e r a t e d  i n  w a t e r ,  v a c u u m  - o v e n  d r i e d  1 2 . 4  
6 .  S w e l l e d  i n  D M S 0 - 1 0 %  C H
3
N H
2
. H C 1 ,  t h e n  r e -
g e n e r a t e d  i n  M e O H ,  v a c u u m  - o v e n  d r i e d  1 4 . 3  
7 .  S w e l l e d  i n  w a t e r ,  u n d r i e d  1 1 . 3  
8 .  S w e l l e d  i n  D M S 0 - 1 0 %  C H
3
N H
2
. H C 1 ,  t h e n  r e -
g e n e r a t e d  i n  w a t e r ,  u n d r i e d  1 6 . 8  
a G l u c o s e  p r o d u c e d  w a s  m e a s u r e d  a t  t h e  e n d  o f  4 8 - h r  d i g e s t i o n  w i t h  t h e  
1 %  c e l l u l o s e  c i t r a t e  b u f f e r  s o l u t i o n  a t  5 0 0 C .  S u b s t r a t e :  f i l t e r  p a p e r .  
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APPLICATION OF ~~SS AND ENERGY BALANCE REGULARITIES TO 
BIOMASS PRODUCTION FRDrl CELLULOSIC SUBSTRATES 
I. Introduction 
Yong-llyun Lee 
Department of Chemical Engineering 
Kansas State University 
Manhattan, Kansas 66506 
Material and energy balances have been widely used in science and 
engineering. The applicability of material and energy balances to microbial 
and biochemical processes is not underestimated; however, because of the 
complex nature of these biological reactions, frequently only very approxi-
mate balances are used. Recently, there has been noticeable development 
of instrumentation for measuring important variables in fermentation pro-
cesses, and computers have been used to control fermentation by means of 
on-line monitoring of biomass concentration, growth rate, and substrate 
utilization by indirect measurement through component balancing(l). · 
Improvements in instrumentation for measuring important variables in fer-
mentation processes and the use of on-line computers with fermentors pro-
vide new opportunities for application of material and energy balances in 
fermentation. 
. 
The mass-energy balance method employed Yn this paper is based on 
the work of Erickson, Minkevich and Eroshin< 2 . The unique aspects of 
their approach are in the utilization of reductance degree and composition 
regularities in mass and energy balance calculations; use is also made of 
the fact that the heat of reaction per electron transferred to oxygen is 
relatively constant. 
Recently there has ~1yn much intensive research on biomass production 
from cellulosic material . Single cell protein production from renewable 
cellulosic material is promising; however, one of the problems is the diffi-
culty in measuring the cellulose substrate and produced biomass concentrations 
separately, because both of them exist as solids. The rapid estimation of 
some variables is essential under dynamic cell growth conditions to evaluate 
and control these processes. Organic cellulose consumption, biomass pro-
duction, oxygen consumption, carbon dioxide production and heat evolution 
are some of the variables which may be estimated from experimental measure-
ments. Some variables respond more rapidly and can be measured simultane-
ously; on the other hand, some variables require long periods of analysis 
time. Turbidometry is a good means to rapidly measure the cell concentra-
tion, but this method may not be feasible in cellulose fermentation because 
cellulose and cells are both in solid phase. There have been some attempts 
to measure cell z~ycentration indirectly by measuring cell activity such 
as ATP and NADH 2 . This has been done with only partial success. There-fore, an alternative way of monitoring biomass and substrate concentrations 
16 
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b y  i n d i r e c t  m e a n s  t~rough m a t e r i a l  a n d  e n e r g y  b a l a n c e s  u t i l i z i n g  c o m p u t e r s  
w i l l  b e  p r o m i s i n g ( !  .  I n  t h i s  p a p e r ,  t h e  · m a t e r i a l - e n e r g y  b a l a n c e  f o r  t h e  
g r o w t h  o f  T h e r m o a c t i n o m y c e s  s p  o n  m i c r o c r y s t a l l i n e  c e l l u l o s e  ( A V I C E L )  w i l l  
b e  a n a l y z e d .  R e s u l t s  w i l l  b e  p r e s e n t e d  i n  o r d e r  t o  i l l u s t r a t e  t h e  m a t e r i a l  
a n d  e n e r g y  b a l a n c e  m e t h o d .  
I I .  M a s s - E n e r g y  B a l a n c e s  M e t h o d  o f  M i n k e v i c h  a n d  E r o s h i n (
2
) '  
T h e  e l e m e n t a l  b a l a n c e  e q u a t i o n  o f  m i c r o b i a l  g r o w t h  o n  a n  o r g a n i c  s u b s t r a t e  
i s  a s  f o l l o w s ;  
C H  O n  +  a N H
3  
+  b 0
2  
+  y  C H  0  N  +  z  C H  0  N  +  
m  ~ c  p  n  q  r  s  t  
( o r g a n i c  
s u b s t r a t e )  
( b i o m a s s )  ( p r o d u c t )  
( 1 - y c - z )  c o
2  
+  c H
2
0  
( 1 )  
I n  t h i s  e q u a t i o n  C H m O R .  d e n o t e s  t h e  e l e m e n t a l  c o m p o s i t i o n  o f  t h e  o r g a n i c  s u b -
s t r a t e ,  C H  0  N  g i v e s  t h e  e l e m e n t a l  c o m p o s i t i o n  o f  t h e  b i o m a s s ,  a n d  C H  0  N  
g i v e s  t h e  gl~m~ntal c o m p o s i t i o n  o f  t h e  p r o d u c t .  W h e n  m o r e  t h a n  o n e  pr~d~c~ 
i s  p r e s e n t  i n  s i g n i f i c a n t  q u a n t i t y  C H  0  N t  m a y  b e  t a k e n  a s  t h e  a v e r a g e  e l e -
m e n t a l  c o m p o s i t i o n  o f  t h e  p r o d u c t s .  fh~ c o e f f i c i e n t s  y  a n d  z  a r e  t h e  
f r a c t i o n  o f  s u b s t r a t e  c a r b o n  c o n v e r t e d  t o  b i o m a s s  a n d  p~oduct, r e s p e c t i v e l y .  
I n  d e v e l o p i n g  t h e  i d e a  o f  t h e  m a s s - e n e r g y  b a l a n c e ,  t h e y  u s e d  a v a i l a b l e  
e l e c t r o n  c o n c e p t s .  T h e  a v a i l a b l e  e l e c t r o n s  a r e  e l e c t r o n s  w h i c h  c o u l d  b e  
t r a n s f e r r e d  t o  o x y g e n  d u r i n g  t h e  c o m b u s t i o n .  
T h e  n u m b e r  o f  a v a i l a b l e  e l e c t r o n s  i s  q u a n t i t a t i v e l y  r e l a t e d  t o  t h e  
e n e r g y  c o n t e n t  o f  o r g a n i c  s u b s t r a t e s ,  b i o m a s s ,  a n d  p r o d u c t s .  S c h e m a t i c a l l y  
t h e  e l e c t r o n  t r a n s f e r  c a n  b e  r e p r e s e n t e d  a s  f o l l o w s ;  
A . E .  
s  
+  A . E . b  +  A . E .  +  A . E .  
p  o x y g e n  
( 2 )  
S o m e  f r a c t i o n  o f  t h e  a v a i l a b l e  e l e c t r o n s  i n  t h e  u t i l i z e d  s u b s t r a t e  c a n  b e  
t r a n s f e r r e d  i n t o  b i o m a s s  a n d  p r o d u c t s  a n d  t h e  r e s t  o f  t h e  a v a i l a b l e  e l e c t r o n s  
w h i c h  a r e  t r a n s f e r r e d  t o  o x y g e n  a r e  d e p r e c i a t e d  e n e r g e t i c a l l y .  T h e  a v a i l a b l e  
e l e c t r o n s  t r a n s f e r r e d  t o  o x y g e n  c a n  b e  i n t e r p r e t e d  a s  t h e  e n e r g y  c o n s u m e d  
d u r i n g  t h e  p r o c e s s  o f  biosynthesi~ y h i c h  i s  r e l e a s e d  a s  h e a t .  T h e  a v a i l a b l e  
e l e c t r o n  b a l a n c e ,  E r i c k s o n  e t  a l .  
2  
u s e s  t h e  r e d u c t a n c e  d e g r e e  o r  t h e  
a v a i l a b l e  e l e c t r o n s  t h a t  c a n  b e  t r a n s f e r r e d  t o  o x y g e n  b a s e d  o n  o n e  g r a m  
c a r b o n  a t o m .  F r o m  t h e  m o l e c u l a r  s t r u c t u r e  o f  e a c h  a t o m ,  t h e  n u m b e r  o f  
e q u i v a l e n t s  o f  a v a i l a b l e  e l e c t r o n s  i s  t . a k e n  a s  f o u r  f o r  c a r b o n ,  o n e  f o r  
h y d r o g e n ,  m i n u s  t w o  f o r  o x y g e n ,  a n d  m i n u s  t h r e e  f o r  n i t r o g e n .  T h e r e  a r e  
n o  a v a i l a b l e  e l e c t r o n s  i n  C 0
2
,  H
2
0  a n d  N H
3
•  T h e  o x i d a t i o n  o f  d r i e d  b i o m a s s  
c a n  b e  e x p r e s s e d  
y b  
C H O N  + - 0  =  
p  n  q  4  2  
1  
C 0
2  
+  2  ( p  - 3 q )  H
2
0  +  q N H
3  
( 3 )  
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the reductance degree of the biomass (yb) is the number of equivalents of 
oxygen required per quantity of biomass which contains one gram atom of 
carbon for oxidation of the biomass to co 2 , H20 and NH 3 . 
yb = 4 + p - 2n - 3q (4) 
The reductance degree of organic substrate (y ) and products (y ) can be 
calculated as follows. s p 
Ys = 4 + m- u ( 5) 
yp = 4 + r - 2s - 3t ( 6) 
If we define a , ab' a as the weight-fraction of carbon in substrate, biomass, 
and product, r~spectivgly, multiplication of y by a/12 gives the number of (6) 
equivalents of available electrons per gram of substance. Minkevich et al. 
have reported that ab and yb for biomass are nearly constant. 
Another aspect of their approach is to relate the heat of reaction and 
equivalents of available electrons transferred to oxygen. They found that 
Q0 (heat of combustion, kcal/equivalent of available electrons transferred 
to oxygen) for different substrates is also constant. They give an average 
result of 26.92 Kcal per equivalent of available electrons~?), and for 22 
samples of biomass grown on different substrates 26.98 Kcal ± 4.3 percent. 
The energy values per available electron in substrate and biomass is the 
same. It is important to realize that the constant value of 0 allows the 
mass and energy balances to be coupled together into a unified0 mass-energy 
balance. The energetic limits are set on the material balance, opening up 
the possibility for calculation of the material balance from energy balance 
and vice versa. The available electron balance in equation (1) can be expressed; 
ys + b(-4) = ycyb + zyp (7) 
Rearranging equation (7) to reflect the fractional allocation of available 
elec trans in the organic substrate gives; 
(8) 
The first term is the fraction of available electrons transferred to oxygen, 
the second term is the fraction of available electrons transferred to biomass, 
and the third term is the fraction of available electrons transferred to 
product. 
Since the heat of reaction per electron transferred to oxygen (Q ) is 
constant for all the organic molecules, the heat balance equation wil£ be 
Qoys + Q b(-4) = Q y Yb + Q zy 0 0 c 0 p (9) 
Rearranging 
1 (10) 
1 9  
c  +  n  +  ~ =  1  
p  
( 1 1 )  
w h e r e  n  i s  b i o m a s s  e n e r g e t i c  y i e l d ,  ~ i s  p r o d u c t  e n e r g e t i c  y i e l d  a n d  c  i s  
t h e  f r a c t i o n  o f  o r g a n i c  s u b s t r a t e  ene~gy e v o l v e d  a s  h e a t .  T h e  h e a t  e v o l v e d  
p e r  u n i t  o f  o r g a n i c  s u b s t r a t e  c o n t a i n i n g  o n e  g r a m  ato~ c a r b o n  ( Q )  i s :  
Q  =  Q  
4 b  
( - )  y  =  4 Q  b  
y  s  0  
( 1 2 )  
0  
s  
T h e  h e a t  o f  r e a c t i o n  i s  d i r e c t l y  r e l a t e d  t o  t h e  o x y g e n  c o n s u m p t i o n .  
B y  c o m b i n i n g  t h e  v a r i o u s  m e a s u r a b l e  v a r i a b l e s ,  t h e  e n e r g e t i c  y i e l d  
'  
c o e f f i c i e n t ,  p r o d u c t  e n e r g e t i c  y i e l d  c o e f f i c i e n t  a n d  h e a t  e v o l u t i o n  c a n  
b e  d e t e r m i n e d .  F o r  e x a m p l e ,  t h e  e n e r g e t i c  y i e l d  c o e f f i c i e n t  c a n  b e  o b -
t a i n e d  f r o m  c e l l  m a s s  p r o d u c t i o n  r a t e  a n d  s u b s t r a t e  c o n s u m p t i o n  r a t e .  F o r  
m o r e  d e t a i l  o n  c a l c u l a t i o n  p ( o c e d u r e ,  t h e  r e a d e r  i s  r e f e r r e d  t o  E r i c k s o n ,  
M i n k e v i c h  a n d  E r o s h i n ' s  w o r k  Z ) .  O n c e  t h e  v a l u e s  o f  n ,  ~ ,  £  a r e  e v a l u a t e d ,  
i t  i s  p o s s i b l e  t o  c a l c u l a t e  u n k n o w n  v a r i a b l e s .  O n e  shoul~ b e  r e m i n d e d  t h a t  
N H 3 ,  0 2 ,  c o
2
,  a n d  h e a t  e v o l u t i o n  c a n  b e  m e a s u r e d  q u i c k l y  w h i l e  i t  i s  m o r e  
d i f f i c u l t  t o  e x p e r i m e n t a l l y  m e a s u r e  t h e  c o r r e s p o n d i n g  c h a n g e s  i n  b i o m a s s  
a n d  s u b s t r a t e  c o n c e n t r a t i o n s .  O x y g e n  b a l a n c e ,  n i t r o g e n  b a l a n c e ,  a n d  c o
2  
b a l a n c e  a l s o  c a n  b e  m a d e  e a s i l y .  
T h e  a p p l i c a t i o n  o f  t h e s e  m a s s - e n e r g y  b a l a n c e s  i n  b i o m a s s  p r o d u c t i o n  
f r o m  c e l l u l o s i c  m a t e r i a l s  w i l l  b e  e x a m i n e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  
I I I .  A p p l i c a t i o n  o f  M a t e r i a l - E n e r g y  B a l a n c e  o n  B i o m a s s  P r o d u c t i o n  f r o m  
C e l l u l o s i c  M a t e r i a l s  
T h e  e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  b y  A r m i n g e r  e t  a l .  (
3
)  w i l l  b e  a n a l y z e d  
t o  i l l u s t r a t e  t h e  a p p l i c a b i l i t y  o f  t h e  m a t e r i a l - e n e r g y  b a l a n c e  m e t h o d .  T h e  
p u r p o s e  o f  t h e i r  e x p e r i m e n t  i s  t h e  c u l t i v a t i o n  o f  T h e r m o a c t i n o m y c e s  i n  m i c r o -
c r y s t a l l i n e  c e l l u l o s e  t o  p r o d u c e  s i n g l e  c e l l  p r o t e i n .  H o w e v e r ,  a  s i g n i f i c a n t  
q u a n t i t y  o f  i n s o l u b l e  p r o t e i n  ( m a i n l y  c e l l u l a s e  e n z y m e )  i s  p r e s e n t .  I n  
a n a l y z i n g  t h e  d a t a  t h e  g r o w t h  p h a s e  i s  d i v i d e d  i n t o  t h r e e  p h a s e s :  l a g  
p h a s e ,  l o g  p h a s e ,  a n d  s t a t i o n a r y  p h a s e ;  a n  a v e r a g e  c h a n g e  o f  m e a s u r e d  
v a r i a b l e s  i s  c a l c u l a t e d  a t  e a c h  p h a s e .  T h e  e x p e r i m e n t a l  r e s u l t s  ( 3 )  a r e  
p r e s e n t e d  i n  T a b l e  1 .  
I n  t h e  s t o i c h i o m e t r i c  e q u a t i o n  f o r  t h e  m a s s  b a l a n c e  t h e  f o l l o w i n g  c o m p o -
s i t i o n s  w e r e  u s e d :  c
5
H
1 1
N o
3  
f o r  c e l l s ,  a n d  c
8
H
1 4
N
2
o
3  
f o r  t h e  e n z y m e :  
B a s e d  
o n  o n e  g r a m  c a r b o n  a t o m  o f  c e l l u l o s e ,  
C H 1 . 6 7 ° 0 . 8 3  +  a  N H 3  +  b 0 2  
( c e l l u l o s e )  
- - }  
y c C H 2 . 2 H 0 . 2 ° 0 . 6  +  z  C H 1 . 7 5 N 0 . 2 5 ° 0 . 3 7 5  
( B i o m a s s )  
( E n z y m e )  
+  ( 1 - y c - z )  c o
2  
+  c  H
2
0  
( 1 3 )  
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Based on the element compositon of each component, we can calcul~te the 
reductance degree and weight fraction of carbon; that is, y = 4, yb = 4.4, 
Yp = 4.25 and a = 0.44, ab = 0.45 and a = 0.516. Equatio~ (7) is based on 
one gram carbonsatom in the substrate, bEt the data that we are going to 
analyze has more than one gram carbon atom in the substrate. If o. is the 
number of gram atoms of carbon, equation (7) can be rewritten. 
o.y = 4(o.b) + yb~o.y ) + y (az) 
s . c p (14) 
where (o.b), (o.y ), and (o.z) are the measured values in units of g moles of 
c 
oxygen, g atoms biomass carbon, and g atoms product carbon respectively. 
Using the measured values and the estimated value of o.y , the fractions 
of available electrons transferred to biomass, extracellularsproducts, and 
oxygen may be easily obtained and used as estimates of n, ~ , and £ 
respectively. The measured value~ fn Table 1 can be transfgrmed in terms 
of available electrons as follows 8 ; 
osys • c (~) 
o.ys = 12 ~t 
Qo 
2 4(o.b) = (32) (4) 
abyb •x (-0 ) 
12 L'lt 
(15) 
(16) 
( 17) 
(18) 
Table 2 shows the equivalents of available electrons per liter per hour for 
each component and at each growth phase. The estimates of biomass energetic 
yield, product energetic yield and fraction of energy evolved as heat for 
the fermentation period are shown in Table 3. Relatively consistant results 
have been obtained in log and stationary phases, but less consistant results 
have been obtained in lag phase. From equation (8), the sum of the three 
energetic yields should be unity. However, the sums are 0.951 in log 
phase, and 0.954 in stationary phase respectively. In other words, dif-
ferences of around 5% are observed in analyzing the experimental data 
obtained by Arminger et al.(3). In analyzing this data, the reducing sugar, 
and other intermediate metabolites, other than soluble protein, are not 
considered, because these quantities are small when compared with the other 
quantities. But these quantities may contribute to the observed 5% error. 
Another possible explanation would be experimental error. In Table 4, the 
carbon balances are shown. Inconsistencies are observed; that is, the 
consumed carbon substrate exceeds the carbon in biomass, enzyme, and carbon 
dioxide. These inconsistencies also indicate that some experimental error 
probably exists. 
2 1  
I n  t h e  l a g  p e r i o d ,  a  1 5 %  d i f f e r e n c e  i s  o b s e r v e d .  H o w e v e r ,  i n  t h i s  p e r i o d  
i t  i s  d i f f i c u l t  t o  o b t a i n  a c c u r a t e  m e a s u r e m e n t s  s i n c e  o x y g e n  c o n s u m p t i o n  a n d  
C 0 2  e v o l u t i o n  r a t e s  a r e  s m a l l  a s  a  r e s u l t  o f  t h e  s m a l l  b i o m a s s  c o n c e n t r a -
t i o n  a t  t h e  s t a r t  o f  b a t c h  f e r m e n t a t i o n .  I n  t h i s  p e r i o d  m a t e r i a l  a n d  e n e r g y  
b a l a n c e s  m a y  b e  u s e d  s i n c e  t h e r e  i s  n o  w a y  t o  m e a s u r e  t h e  v a r i a b l e s  w i t h o u t  
e r r o r .  T h o u g h  t h e r e  d o e s  e x i s t  s o m e  d e g r e e  o f  i n c o n s i s t e n c y  i n  a n a l y z i n g  
t h i s  e x p e r i m e n t a l  d a t a ,  t h e s e  d i f f e r e n c e s  a r e  m e a g e r  i n  c o m p a r i s o n  w i t h  
t h e  i n s t r u m e n t a l  a n d  a n a l y t i c a l  e x p e r i m e n t a l  d i f f i c u l t i e s .  A s  a  c o n c l u s i o n ,  
w e  c a n  a p p l y  M i n k e v i c h  a n d  E r o s h i n ' s  m a s s - e n e r g y  b a l a n c e  m e t h o d  i n  a n a l y z i n g  t h e i r  
e x p e r i m e n t a l  d~ta. T h i s  m e t h o d  m a y  b e  p a r t i c u l a r l y  u s e f u l  i n  c e l l u l o s e  f e r -
m e n t a t i o n s  w h e r e  m e a s u r e m e n t s  a r e  d i f f i c u l t .  
U s i n g  t h e  e s t i m a t e d  v a l u e s  o f  b i o m a s s  e n e r g e t i c  y i e l d ,  p r o d u c t  e n e r g e t i c  
y i e l d ,  a n d  t h e  f r a c t i o n  o f  o r g a n i c  s u b s t r a t e  e n e r g y  e v o l v e d  a s  h e a t ,  o t h e r  
p a r a m e t e r  s u c h  a s  y  ,  z ,  b ,  d ,  a n d  Q  c a n  b e  c a l c u l a t e d  u s i n g  t h . e  r e l a t i o n s h i p s .  
c  
Y c  
Y s  
y b  
n  
y  
z  =  ~ ~ 
y  p  
p  
y  
b  =  s  
4 £  
y s  Y s  
d=l--n--~ 
y b  y p  p  
Q  =  ( 4 ) ( b ) ( Q  )  
0  
(  1 9 )  
( 2 0 )  
(  2 1 )  
( 2 2 )  
( 2 3 )  
I n  l o g  p h a s e ,  y  i s  0 . 3 5 3 ,  z  i s  0 . 1 4 7 ,  b  i s  0 . 4 0 7 ,  d  i s  0 . 5  r e s p e c t i v e l y .  
T h e  h e a t  e v o l u t l o n  ( Q )  i s  4 3 . 9 5 6  K c a l / g  c a r b o n  a t o m  o f  c o n s u m e d  s u b s t r a t e .  
22 
References 
1. Humphrey, A. E., "The Use of Computers in Fermentation Systems," Process 
Biochemistry, p. 19-26, March 1977. 
2. Erickson, L. E., I. G. Minkevich, and V. K. Eroshin, "Application of 
Mass and Energy Balance Regularities in Fermentation," Biotechnol. and 
Bioengineering, In Press (1978). 
3. Arminger, W. B., A. R. Horeira, J. A. Phillips, and A. E. Humphrey," 
~fodeling Cellulose Digestion for Single Cell Protein, 11 Proceedings of 
the Second Pacific Chemical Engineering Congress (Vol. 1), Aug. 28-31, 
Denver, Colorado (1977). 
4. Zabriskie, D. W., "Real-Time Estimation of Aerob:i.c Batch Fermentation 
Biomass Cc.ncu:tration by Component Balancing and ~ulture Fluorescence, 11 
Ph.D. Thesis, University of Pennsylvania, 1976. 
5. Jefferis, R. P., A. E. Humphrey, a.nd L. K. Nyiri, "Indirect Measurement 
of Microbial Density and Growth Rate by Oxygen Balancing," Presented 
at the 164th Annual Meeting of ACS, New York, 1972. 
6. Minkevich, I. G., V. K. Eroshin, T. A. Alekseeva, anci A. P. Tereshchenko, 
Hikrobt0l. Promishlennost 2 (144) 1 (1977) (In Russian), 
7. Eroshin, V. K., "Haterial-Energetic Balance of Micro-organisms Growth," 
Jrocess Biochemi~try, P. 29-31, July/August, 1977. 
8. Erickson, L. E., S. E. Selga, and U. E. Viesturs," Application of Mass 
Energy Balance Regularities to Product Formation, 11 Biotechnol. and 
Bioengineering, In Press (1978) .. 
Table 1. The change of the measured variable d~ring the 
cultivation of Thermoactinomyces on Avicel. 
Data from Armiger et al.(3) 
Heasured variables 
Substrate consumption rate 
~s 
~t 
g/i·hr 
Biomass production rate 
~X g/ R. ·hr ~t 
Enzyme production rate 
H 
M g/ i ·hr 
co2 production rate Qco , g/R.·hr 
2 
Oxygen uptake rate 
R.Q. 
Q0 , g/R.·hr 2 
Reducing sugar concentration, 
g/i 
0-4 
(lag) 
0. 75 
0.25 
0.1 
0.375 
0.2727 
1.0 
0.055 
Time period, hr 
4 -14 
(log) 
2.025 
0. 71 
0.284 
1.35 
0.9818 
1.0 
0.01 
14-18 
(stationary) 
1 
0. 35 
0.14 
0.625 
0.4544 
1.0 
0.007 
0-18 
(overall) 
1.611 
0. 5277 
0.211 
0.9722 
0. 7072 
1.0 
0.0012 
N 
w 
Table 2. The rates expressed in equivalents of available electrons/£·hr 
- ··-·------ ---·-- ---- --------- -·--·-- -·---··--·---- ------ -----------------------
Time period, hr 
Component --·-··---- ------- --------------------
0-4 4-14 14-18 0-18 
cellulose, a.ys 0.1103 0. 3014 0.147 0.237 
oxygen, 4(a.b) 0.0341 0.1227 0.0568 0.0884 
biomass, yb(a.yc) 0.0413 0.1172 0.0578 0.':'·872 
enzyme, y ( a.z) p 0.0183 0.0469 0.0256 0.03856 
N 
~ 
Table 3. Estimates of n, E. , and E for different fermentation periods. 
p 
- .. ------- -----~-----------·--- ---------------------
Time period, hr 
Energetic yield 
0-4 4 -14 14-18 0-18 
-----------
Biomass energetic yield 0.374 0.388 0.393 0.368 
(n) 
Product energetic yield 0.166 0.156 0.174 0.163 
(E. ) p 
The fraction of energy 0.309 0.407 0.386 0.373 
evolved as heat 
(E) 
- --- -
Total 0.849 0.951 0.954 0.904 
------------- -------------------- -----
N 
(J1 
Table 4. Results of a carbon balance ~t each fermentation period. 
Carbon consumption 
--
Time_period, hr 
or production rate 0-4 4 -14 14-18 0-18 
--- ··----- --~-- --------------
Substrate 
Cellulose, g/£·hr 0.33 0.902 0.44 0. 71 
Products 
Biomass, g/£·hr 0.116 0. 319 5 0.1575 0.237 
Enzyme, g/ £ · hr 0.0516 0.146 0.0722 0.1089 
C0 2 0.1023 0.368 0 .170'· 0.2651 
Biomass + Enzyme + co 2 0.269 0.8336 0.4002 0.611 
N 
0'1 
I N T R O D U C T I O N  
~OBILIZATION O F  A S P E R G I L L U S  N I G E R  B E T A - X Y L O S I D A S E  
G b e k e l o l u w a  B .  O g u n t i m e i n  
D e p a r t m e n t  o f  C h e m i c a l  E n g i n e e r i n g  
I o w a  S t a t e  U n i v e r s i t y  
A m e s ,  I o w a  5 0 0 1 1  
P r e v i o u s l y ,  ~-xylosidase h a d  b e e n  p u r i f i e d  f r o m  a  c r u d e  h e m i c e l l u -
l a s e  f r o m  A s p e r g i l l u s  n i g e r  ( R o h m  a n d  H a a s  R h o z y m e  H P - 1 5 0  C o n c e n t r a t e )  
b y  t w o  d i f f e r e n t  p r o c e d u r e s .  T h e  f i r s t  r e q u i r e d  p r e c i p i t a t i o n  b y  
a d d i t i o n  o f  a m m o n i u m  s u l f a t e  t o  9 5 %  o f  s a t u r a t i o n ,  u l t r a f i l t r a t i o n  w i t h  
a n  A m i c o n  X M - l O O A  m e m b r a n e ,  g e l  p e r m e a t i o n  c h r o m a t o g r a p h y  w i t h  S e p h a d e x  
G - 1 5 0 ,  c a t i o n  e x c h a n g e  c h r o m a t o g r a p h y  w i t h  S P - S e p h a d e x  C - 2 5  a t  p H  3 . 1 ,  
a n d  a n i o n  e x c h a n g e  c h r o m a t o g r a p h y  w i t h  D E A E - S e p h a d e x  A - 2 5  a t  p H  6 . 8 .  
C o n s i d e r i n g  t h a t  d i a l y s i s  w a s  r e q u i r e d  a f t e r  s e v e r a l  o f  t h e  s t e p s ,  t h e  
p r o c e s s  w a s  l o n g  a n d  t e d i o u s .  I n  a d d i t i o n ,  r e s u l t s  w e r e  q u i t e  v a r i a b l e ,  
t h o u g h  u n d e r  m o s t  f a v o r a b l e  c o n d i t i o n s  1 0 0 - f o l d  p u r i f i c a t i o n  c o u l d  b e  
a t t a i n e d  i n  2 7 %  y i e l d .  T h i s  p u r i f i c a t i o n  p r e p a r a t i o n  o f  ~-xylosidase, 
d e f i n e d  a s  ~-xylosidase I ,  c o n t a i n e d  a p p r e c i a b l e  a m o u n t s  o f  ~-glucosidase 
w h i c h  i n t e r f e r e d  s l i g h t l y  w i t h  t h e  ~-xylosidase a s s a y .  
T h e  s e c o n d  p r o c e d u r e  t o  p u r i f y  ~-xylosidase p r e f e r e n t i a l l y  p r e -
c i p i t a t e d  x y l a n a s e s  a~d ~-glucosidase b y  a d d i t i o n  o f  a m m o n i u m  s u l f a t e  
t o  6 9 %  o f  s a t u r a t i o n .  G e l  p e r m e a t i o n  c h r o m a t o g r a p h y  o f  t h e  s u p e r -
n a t a n t  w i t h  S e p h a c r y l  S - 2 0 0  S u p e r f i n e  g a v e  1 5 . 7 - f o l d  p u r i f i c a t i o n  i n  
3 2 %  y i e l d .  A l t e r n a t e l y ,  i f  t h e  s u p e r n a t a n t  w e r e  s u b j e c t e d  t o  c a t i o n  
e x c h a n g e  c h r o m a t o g r a p h y  w i t h  S P - S e p h a d e x  C - 2 5  a t  p H  3 . 1 ,  2 7 - f o l d  p u r i -
f i c a t i o n  i n  1 9 %  y i e l d  c o u l d  b e  a t t a i n e d .  Y i e l d s  w e r e  r e l a t i v e l y  l o w  
b e c a u s e  o v e r  5 0 %  o f  t h e  ~-xylosidase w a s  p r e c i p i t a t e d  b y  a d d i t i o n  o f  
a m m o n i u m  s u l f a t e .  H o w e v e r ,  r e s u l t s  w e r e  e a s i l y  r e p r o d u c i b l e ,  a n d  h i g h  
a m o u n t s  o f  ~-xylosidase c o u l d  b e  o b t a i n e d .  I n  a d d i t i o n ,  l i t t l e  ~­
g l u c o s i d a s e  r e m a i n e d ,  e s p e c i a l l y  i n  t h e  m a t e r i a l  s u b j e c t e d  t o  S P -
S e p h a d e x  c h r o m a t o g r a p h y .  T h e  l a t t e r  m a t e r i a l  i s  d e f i n e d  a s  ~-xylosidase 
I I .  
~-Xylosidase p u r i f i e d  b y  t h e  f i r s t  p r o c e d u r e  (~-xylosidase I )  h a d  
be~n t i s t e d  f o r  a c t i v i t y  a n d  s t a b i l i t y  a t  d i f f e r e n t  p H ' s  a n d  t e m p e r a -
t u r e s .  A t  p H  4 . 0 ,  t h e  o p t i m u m  t e m p e r a t u r e  i n  a  1 0 - m i n u t e  a s s a y  w i t h  
o-nitrophenyl-~-D-xylopyranoside w a s  7 0 ° C ,  w i t h  a n  a c t i v a t i o n  e n e r g y  
u p  t o  t h a t  p o i n t  o f  1 1 . 9  k c a l / m o l .  O p t i m u m  p H  a t  4 0 ° C  w i t h  t h e  s a m e  
s u b s t r a t e  w a s  a p p r o x i m a t e l y  3 . 7 5 ,  r a t h e r  g e n t l e  d e c r e a s e s  o f  a c t i v i t y  
o c c u r r i n g  w i t h  c h a n g e s  i n  p H  f r o m  t h i s  r a n g e .  D e c a y  w a s  f i r s t - o r d e r ,  
w i t h  a n  o p t i m u m  p H  f o r  s t a b i l i t y  o f  4 . 5  a n d  v e r y  s h a r p  d e c r e a s e s  i n  s t a -
b i l i t y  o c c u r r i n g  o n  e i t h e r  s i d e .  E n e r g y  o f  a c t i v a t i o n  f o r  d e c a y  f r o m  
6 2 ° C  t o  7 5 ° C  w a s  a n  e x t r a o r d i n a r i l y  h i g h  1 2 4  k c a l / m o l .  
M A T E R I A L S  A N D  M E T H O D S  
M a t e r i a l s  
E n z o r b - A  c o l u m n s  ( 6  m m  d i a m e t e r  a n d  1 0 0  m m  l e n g t h  a n d  c o n t a i n i n g  
1  g  o f  p h e n o x y a c e t y l  c e l l u l o s e ,  L o t  2 6 1 2 )  w e r e  p u r c h a s e d  f r o m  R e g i s .  
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Enzacryl AA, AH, Polythiolactone, and Polythiol, all of Lot 092017, 
were obtained from Aldrich. Sepharose CL 4B-200 (Lot 127C-0265), with 
a particle diameter in the swollen state of 40-190 ~m, came from Sigma, 
and Bio-Gel P-2 (Lot 129692, 100-200 mesh) came from Bio-Rad. Alkylamine 
porous silica (30-45 mesh, 40 nm ± 10% pore diameter) was donated by 
Corning. Stainless steel 316L (100-200 mesh, Lot 510576 BN-16109FB) 
was donated by Glidden Metals. Activated alumina (chromatographic grade, 
80-200 mesh, AX 612, Lot 9296) was purchased from Matheson, Coleman, and 
Bell. 
o-Nitrophenyl-~-D-xylopyranoside for use in assays were obtained 
from Sigma or Research Products International and was found to be pure 
by thin-layer chromatography on silica gel plates with a 6:3:2 ethyl 
acetate-acetic acid-water solvent. p-Nitrophenyl-~-Irxylopyranoside 
(Lot 69632) was purchased from Research Products International. 
Ethylene glycol (Lot 765548), 1,2-propanediol (laboratory grade, 
Lot 722816), and diethylene glycol (reagent grade, Lot 755917) were 
obtained from Fisher. Triethylene glycol (practical grade, Lot 2-2936) 
was purchased from Baker, and 1,3-propanediol (Lot 264) from 
Mallinckrodt. 
~-Xylosidase Assay 
Soluble ~-xylosidase was assayed for activity by m1x1ng 0.1 ml of 
enzyme solution with 0.9 ml of O.OSM sodium acetate buffer at pH 4.0 and 
with 1 ml of 4mM o-nitrophenyl-~-~xylopyranoside dissolved in the same 
buffer. After 15 min incubation at 40°C, the reaction was stopped by 
adding 2 ml of 20% Na2co3 • 
Immobilized ~-xylosidase was assayed in several different manners. 
The most common was to suspend approximately 0.5 - 1.0 g (dry basis) of 
enzyme-carrier complex in 25 ml of 4rnM o-nitrophenyl-~-D-xylopyranoside 
in 0.05M sodium acetate at pH 4.0. The mixture in a 50 ml flask at 40°C 
was stirred with a glass propeller at 530 rpm, a rate sufficiently high 
to eliminate film diffusion limitation. 
In all cases, extent of reaction was determined by measuring the ab-
sorbance of released o-nitrophenol, when the sample was contained in a 
1 em path length cuvette, at 400 nm with a Beckman DU spectrophotometer 
modified with a Gilford Model 252 update system. Generally net absorbance 
was that of the reaction sample minus that of a blank sample taken before 
reaction commenced, the reaction time being sufficiently short that less 
than 10% of the substrate was hydrolyzed. One unit (U) was defined as the 
amount of enzyme that hydrolyzed 1 ~ol of substrate in 1 min. 
Immobilization of ~-Xylosidase to Different Carriers 
All ~-xylosidase immobilized to carriers was ~-xylosidase II. The 
enzyme was attached to Enzorb A directly by hydrophobic interaction, and 
to Enzacryl AA and AH after activation with nitrous acid. Binding of 
enzYme to Enzacryl Polythiolactone occurred directly, while to Enzacryl 
- - - . . ,  
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P o l y t h i o l  i t  t o o k  p l a c e  a f t e r  a c t i v a t i o n  w i t h  p o t a s s i u m  f e r r i c y a n i d e ,  
a m m o n i u m  c h l o r i d e ,  a n d  a m m o n i u m  h y d r o x i d e .  S e p h a r o s e  C L  4 B - 2 0 0  w a s  a c t i -
v a t e d  w i t h  c y a n o g e n  b r o m i d e ,  a n d  B i o - G e l  P - 2  w i t h  e t h y l e n e d i a m i n e  a n d  
g l u t a r a l d e h y d e .  
A l k y l a m i n e  p o r o u s  s i l i c a  w a s  a c t i v a t e d  b y  a d d i n g  i t  t o  2 . 5 %  g l u t a r a l -
d e h y d e  ( 2 5 %  a q u e o u s  g l u t a r a l d e h y d e  i n  O . l M  s o d i u m  p o t a s s i u m  p h o s p h a t e  
b u f f e r  a t  v a r y i n g  p H ' s )  a n d  i n c u b a t e d  f o r  2  h r  a t  r o o m  t e m p e r a t u r e .  T h e  
a c t i v a t e d  c a r r i e r  w a s  t h e n  i n c u b a t e d  w i t h  ~-xylosidase d i s s o l v e d  i n  t h e  
s a m e  b u f f e r  f o r  v a r y i n g  p e r i o d s  a t  4 ° C .  I n  s o m e  c a s e s ,  t h e  c a r r i e r  w a s  
p a c k e d  i n  a  t u b e  a n d  t h e  e n z y m e  s o l u t i o n  w a s  r e c y c l e d  t h r o u g h  i t .  A f t e r  
i m m o b i l i z a t i o n ,  t h e  c o m p l e x  w a s  w a s h e d  w i t h  O . O S M  s o d i u m  a c e t a t e  b u f f e r  a t  
p H  4 . 0 .  
W i t h  a l u m i n a ,  a c t i v a t i o n  o c c u r r e d  b y  t w o  d i f f e r e n t  p r o c e d u r e s .  I n  
t h e  f i r s t ,  1 0 0  g  o f  a l u m i n a  w e r e  m i x e d  w i t h  3 0 0  m l  w a t e r ,  a n d  5 0  m l  o f  
T i C 1
4  
w e r e  a d d e d  a t  5 - l 0 ° C  o v e r  5  m i n  w i t h  s t i r r i n g .  A f t e r  a  f u r t h e r  3 0  
m i n ,  t h e  m i x t u r e  w a s  h e l d  a t  r o o m  t e m p e r a t u r e  f o r  1  h r  a n d  t h e n  a t  1 0 0 ° C  
f o r  1  h r .  T h e  s u p e r n a t a n t  w a s  d e c a n t e d ,  a n d  t h e  a c t i v a t e d  c a r r i e r  w a s  
·  w a s h e d  w i t h  w a t e r  a t  r o o m  t e m p e r a t u r e  u n t i l  t h e  w a s h  w a s  c l e a r .  D r y i n g  
o c c u r r e d  a t  l 0 0 ° C .  
I n  t h e  s e c o n d  m e t h o d ,  5 0  m l  o f  T i C 1
4  
w e r e  a d d e d  d r o p w i s e  o v e r  5  m i n  
t o  a  s t i r r e d  s u s p e n s i o n  o f  1 0 0  g  o f  s t a i n l e s s  s t e e l  a n d  5 0 0  m l  o f  w a t e r  
a t  S - l 0 ° C .  A f t e r  b e i n g  s t i r r e d  f o r  a n  e x t r a  3 0  m i n ,  t h e  m i x t u r e  w a s  
w a r m e d  t o  r o o m  t e m p e r a t u r e  a n d  h e l d  f o r  3 0  m i n .  I t  w a s  t h e n  d e c a n t e d ,  a n d  
t h e  a c t i v a t e d  c a r r i e r  w a s h e d  w i t h  w a t e r ,  h e a t e d  t o  5 0 0 ° C  f o r  1  h r ,  c o o l e d  
a n d  w a s h e d  w i t h  w a t e r ,  a n d  h e a t e d  t o  S 0 0 ° C  a  s e c o n d  t L m e  f o r  3 0  m i n .  A f t e r  
a  s e c o n d  w a s h i n g ,  t h e  c a r r i e r  w a s  a i r - d r i e d  a t  r o o m  t e m p e r a t u r e .  
T o  2  g  o f  e a c h  s a m p l e  w~re a d d e d  5  m l  o f  ~-xylosidase i n  0 . 0 5 M  s o d i u m  
a c e t a t e  b u f f e r  a t  p H  4 . 0 .  A f t e r  i n c u b a t i o n  f o r  1 2 - 2 4  h r  a t  4 ° C  w i t h  2 5 0  
r p m  s h a k i n g ,  t h e  c o n j u g a t e s  w e r e  w a s h e d  w i t h  O . O S M  s o d i u m  a c e t a t e  b u f f e r  a t  
p H  4 . 0 .  
~-Xylosidase w a s  b o u n d  t o  s t a i n l e s s  s t e e l  i n  m u c h  t h e  s a m e  f a s h i o n .  
R E S U L T S  
D e t e r m i n a t i o n  o f  M i c h a e l i s  C o n s t a n t  f o r  S o l u b l e  S - X y l o s i d a s e  w i t h  o -
N i t r o p h e n y l - § - D - X y l o p y r a n o s i d e  
T h e  s t a n d a r d  a s s a y  f o r  s o l u b l e  ~-xylosidase w a s  c o n d u c t e d ,  e x c e p t  t h a t  
i n i t i a l  s u b s t r a t e  c o n c e n t r a t i o n s  w e r e  v a r i e d  a n d  0 . 2  m l  e n z y m e  s o l u t i o n  
a n d  0 . 8  m l  b u f f e r  w e r e  u s e d  i n s t e a d  o f  0 . 1  a n d  0 . 9  m l ,  r e s p e c t i v e l y .  I n -
c u b a t i o n  t i m e s  w e r e  a l s o  c h a n g e d  s o  t h a t  f i n a l  a b s o r b a n c e s  w e r e  f a i r l y  
c o n s t a n t .  
P l o t t i n g  r e s u l t s  b y  t h r e e  d i f f e r e n t  p r o c e d u r e s  y i e l d e d  a l m o s t  e x a c t l y  
t h e  s a m e  r e s u l t s ,  K  b e i n g  a p p r o x i m a t e l y  0 . 2 2 m M .  T h e  r a n g e s  s h o w n  i n  t h e s e  
p l o t s ,  a n d  l a t e r  i n m t h e  t e x t  a n d  o t h e r  p l o t s ,  a r e  9 5 %  c o n f i d e n c e  l i m i t s .  
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Transfer Reactions Catalyzed by (3-Xylosidase 
The extent or transfer reactions using a number of polyols was 
measured using an assay mixture of 0.02 ml or 0,025 ml ~-xylosidase II 
solution, 1 ml 4mM o-nitrophenyl-~-D-xylopyranoside dissolved in 0.05M 
sodium acetate buffer at pH 4.0, and 1 ml of varying amounts of buffer 
and polyol. All six polyols tested strongly increased the rate of sub-
strate hydrolysis by participating in a glycosyl transfer reaction with 
the xylose released from the substrate. In all cases, maximum rates were 
attained between polyol concentrations of 3 vol % and 10 vol %, higher 
concentrations leading to enzyme inhibition. With 2.5% to 5% 1,2-
propanediol (propylene glycol), rates of substrate cleavage were over 
three times the levels when no 1,2-propanediol was present. Though lower 
concentrations of 1,3-propanediol were not as effective in raising the 
rate of substrate hydrolysis, higher rates were achieved at 25% concen-
tration than with any other polyol. 
IMmobilization of ~-Xylosidase to Different Carriers 
With most of the carriers previously described, immobilized activities 
were very low. When they were higher, as with Enzorb-A and stainless steel, 
stabilities were unsatisfactory. ~-Xylosidase immobilized to Enzorb-A had 
lost over half its activity after two days of storage- at 4°C. After 1 hr 
at pH 4.0 and 60°C, only 49.3% of the activity immobilized to stainless 
steel remained. 
With two carriers, alumina and porous silica, initial results were 
sufficiently attractive that the immobilization procedure was optimized. 
After activation of the silica carrier at pH 7, the highest activity 
(1.15 U/g) was obtained when the enzyme was incubated for 48 hr at pH 
6.55. It appears that short incubation periods (3.5 hr) were sufficient 
to attain high immobilized activities, though the results were somewhat 
clouded by varying ratios of activity offered to amount of carrier. 
Best results with alumina occurred when the carrier was activated 
with TiClu at 500°C (Table 1). With that activation procedure, satura-
tion of the carrier did not occur until approximately 40 U of enzyme 
activity were offered for each gram of carrier (Table 2). Varying the 
ratios of TiClu and water to alumina in the activation mixture had almost 
no effect on the subsequent immobilization. 
Characteristics of Soluble and Immobilized ~-Xylosidase 
The response of ~-xylosidase activity to temperature when at pH 4.0 
in 0.005M sodium acetate buffer is shown in Fig. 1. The energy of activa-
tion from 35°C to 70°C of ~-xylosidase II was 12.80 + 1.00 kcal/mol. 
Previously, a value of 11.95 ± 0.76 kcal/mol for £he-temperature range 
30°C to 70°C had been reported for ~-xylosidase I. When shown on an 
Arrhenius plot of ln (activity) vs. 1/T (Fig. 1), the data for both forms 
of enzyme exhibit a slight inflection at 55°C to 60°C. However, energies 
of activation obtained from the resulting straight lines were less precise 
than those for the complete temperature range. 
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N o  i n f l e c t i o n  w a s  n o t e d  w h e n  d a t a  f o r  s i l i c a - a n d  a l u m i n a - b o u n d  
~-xylosidase w e r e  p l o t t e d .  E n e r g y  o f  a c t i v a t i o n  f r o m  3 5 ° C  t o  6 0 ° C  f o r  
t h e  f o r m e r  w a s  7 . 9 7  +  0 . 7 8  k c a l / m o l ,  a n d  f o r  t h e  l a t t e r  i n  t h e  r a n g e  o f  
3 5 ° C - 6 0 ° C ,  i t  w a s  9 . 1 4  ±  1 . 6 3  k c a l / m o l ,  a s  m e a s u r e d  b y  a  b a t c h  a s s a y .  
T h e  e f f e c t  o f  p H  o n  ~-xylosidase a c t i v i t y  a t  4 0 ° C  i s  s h o w n  o n  F i g .  
2 .  T h e  o p t i m u m  p H  f o r  t h e  s o l u b l e  f o r m  o f  ~-xylosidase I  i n  0 . 0 3 7 M  
T r i s - i i t r a t e  b u f f e r  a t  a n  i o n i c  s t r e n g t h  o f  0 . 0 4 2 M  w a s  a p p r o x i m a t e l y  
3 . 7 5 .  F o r  x y l o s i d a s e  I I ,  t h e  v a l u e  w a s  j u s t  a b o v e  3 . 0  w h e n  t h e  b u f f e r  
w a s  O . O S M  M c i l v a i n e  a t  a n  i o n i c  s t r e n g t h  o f  0 . 1 1 8 M .  U s i n g  4 m M  p -
nitrophenyl-~-D-xylopyranoside u n d e r  t h e  s a m e  c o n d i t i o n s  a s  4 m M  o -
nitrophenyl-~-D-xylopyranoside w i t h  s o l u b l e  ~-xylosidase I I  a l s o  g a v e  
a n  o p t i m u m  p H  j u s t  a b o v e  3 .  
~-Xylosidase I I  i m m o b i l i z e d  t o  p o r o u s  s i l i c a  h a d  a  p H  o p t i m u m  o f  
a p p r o x i m a t e l y  3  i n  O . O S M  M c i l v a i n e  b u f f e r  w i t h  a n  i o n i c  s t r e n g t h  o f  
O . l l 8 M .  B e c a u s e  b u f f e r  s y s t e m s  t h a t  c a n  c o v e r  w i d e  p H  r a n g e s  d e s t a -
b i l i z e  ~-xylosidase i m m o b i l i z e d  t o  a l u m i n a ,  i t  w a s  n o t  p o s s i b l e  t o  f i n d  
t h e  o p t i m u m  p H  o f  t h a t  m a t e r i a l .  H o w e v e r ,  i n  O . l M  s o d i u m  a c e t a t e  b u f f e r  
a d j u s t e d  t o  a n  i o n i c  s t r e n g t h  o f  O . O S 4 M ,  t h e  a c t i v i t y  w a s  s t i l l  i n c r e a s -
i n g  a s  t h e  p H  w a s  d e c r e a s e d  t o  3 . 5 .  A g a i n ,  a  b a t c h  a s s a y  w a s  e m p l o y e d .  
S t a b i l i t y  s t u d i e s  w e r e  c o n d u c t e d  o n  ~-xylosidase I I  i m m o b i l i z e d  t o  
a l u m i n a .  A s  w i t h  t h e  s o l u b l e  f o r m  o f  ~-xylosidase I I ,  d e c a y  w a s  n o t  
f i r s t - o r d e r .  A f t e r  a p p r o x i m a t e l y  0 . 1  g  o f  t h e  a l u m i n a - e n z y m e  c o m p l e x  
w a s  i n c u b a t e d  w i t h  1 . 5  m l  o f  O . O S M  s o d i u m  a c e t a t e  b u f f e r  a t  p H  4 . 0 ,  
s a m p l e s  w e r e  r e m o v e d  a t  d i f f e r e n t  t i m e s  a n d  a s s a y e d  b y  t h e  b a t c h  m e t h o d .  
W h e n  h a l f - l i v e s ,  m e a s u r e d  b y  t a k i n g  t h e  t i m e  w h e n  h a l f  o f  t h e  o r i g i n a l  
a c t i v i t y  r e m a i n e d ,  w e r e  u s e d  t o  c o n s t r u c t  a n  A r r h e n i u s  p l o t ,  a  s t r a i g h t  
l i n e  g i v i n g  a n  a c t i v a t i o n  e n e r g y  f o r  d e c a y  o f  1 1 5 . 1  +  6 2 . 4  k c a l / m o l  w a s  
o b t a i n e d  ( F i g .  3 ) ,  n e a r l y  a s  g r e a t  a s  t h a t  w i t h  s o l u b l e  ~-xylosidase I .  
S t a b i l i t i e s  a t  v a r y i n g  p H ' s  w i t h  a l u m i n a - b o u n d  ~-xylosidase I I  w e r e  
o b t a i n e d  i n  m u c h  t h e  s a m e  m a n n e r ,  u s i n g  O . l M  s o d i u m  a c e t a t e  b u f f e r  a d -
j u s t e d  t o  0 . 0 5 4 M  i o n i c  s t r e n g t h .  T h e  o p t i m u m  p H  f o r  s t a b i l i t y  a t  6 0 ° C  
w a s  a p p r o x i m a t e l y  4  ( F i g .  4 ) ,  w i t h  a  p r o f i l e  n e a r l y  a s  n a r r o w  a s  t h a t  o f  
t h e  s o l u b l e  f o r m  o f  ~-xylosidase. 
D I S C U S S I O N  
~-Xylosidase i s  a n  e x t r e m e l y  d i f f i c u l t  e n z y m e  t o  i m m o b i l i z e ;  o n l y  
p o r o u s  s i l i c a ,  s t a i n l e s s  s t e e l ,  a n d  a l u m i n a  s u c c e s s f u l l y  b i n d  m u c h  m o r e  
t h a n  1 0 %  o f  t h e  e n z y m e  t h a t  l e f t  t h e  i m m o b i l i z i n g  s o l u t i o n .  O n l y  w i t h  
a l u m i n a  w e r e  a c t i v i t i e s  a p p r e c i a b l y  a b o v e  1  U / g  a t t a i n e d ,  a n d  o n l y  w i t h  
t h a t  c a r r i e r  w e r e  s t a b i l i t i e s  o f  t h e  i m m o b i l i z e d  ~-xylosidase a t  a l l  
s a t i s f a c t o r y .  E v e n  w i t h  a l u m i n a ,  h a l f - l i v e s  o f  t h e  i m m o b i l i z e d  e n z y m e  
w e r e  o n l y  a b o u t  1 0 %  o f  t h o s e  o f  t h e  s o l u b l e  f o r m  u n d e r  s i m i l a r  c o n d i t i o n s .  
H o w e v e r ,  a  h a l f - l i f e  o f  4 2 0  h r  a t  p H  4 . 0  a n d  5 5 ° C  i n  t h e  a b s e n c e  o f  s u b -
s t r a t e  c o u l d  b e  s u f f i c i e n t  f o r  l a r g e r - s c a l e  u s e ,  i f  o t h e r  q u a l i t i e s  o f  t h e  
e n z y m e  w e r e  a d e q u a t e .  ·  
I m m o b i l i z a t i o n  o n  e i t h e r  a l u m i n a  o r  s i l i c a  d i d  n o t  m a r k e d l y  c h a n g e  
o t h e r  p r o p e r t i e s  o f  ~-xylosidase, t h e  p H  o p t i m u m  f o r  a c t i v i t y  r e m a i n i n g  
n e a r  p H  3 ,  a n d  t h a t  f o r  s t a b i l i t y  b e i n g  s o m e w h a t  a b o v e  4 .  T h e  b r o a d  
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pH-activity and narrow pH-stability profiles found with soluble ~­
xylosidase were not markedly altered by immobilization. Though energies 
of activation for activity were decreased somewhat by immobilization, 
those for decay remained extraordinarily high. 
It is unclear why ~-xylosidase II, the less purified form of the enzyme, 
did not decay by a first-order mechanism, as had ~-xylosidase I. This 
behavior carried over to ~-xylosidase II immobilized to alumina. Since 
~-xylosidase I was not immobilized to any carrier, it is not known whether 
immobilized complexes of that 'form of the enzyme would have followed a 
pattern of first-order decay. 
Unlike glucoamylase, which achieved highest activity ~en immobilized 
to TiC14-activated alumina that had been treated at 100°C, . ~-xylosidase 
was most active when bound to alumina activated whth TiC14 and heated to 500°C following the method of Hasselberger et al. 
The extent of reactions where xylose was transferred by ~-xylosi~ase 
to acceptors (found here), confirmed the results of Cl~eyssens et al. 
This suggests, as previously found by Takenishi et al, that ~-xylosidade 
could be a poor choice to hydrolyze short xylooligosaccharides in high 
concentrations to xylose, as production of slide-products could be exten-
sive. It might be better to find an xylanase that is an exo-hydrolase, 
with an action pattern like that of glucoamylase, since much lower trans-
ferase activity would be expected. Whether !· niger produces such a 
xylanase is not yet known. 
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T a b l e  1 .  E f f e c t  o f  a c t i v a t i o n  p r o c e d u r l '  o n  ( i - x y l o s i d a s e  i m m o b i l i z a t i o n  
t o  a l u m i n a .  
T e m p e r a t u r e  o f  a c t i v a t i o n ,  ° C  
*  
- - -
5 0 0  
5 0 0  1 0 0  
\ . J e i g h t  o f  c a r r i e r ,  
g  
2 . 0  1 .  7 5  
0 . 2 4 6  
0 . 2 4 7  
V o l u m e  o f  e n z y n e  s o l u t i o n ,  m l  
5  5  1 5  
1 5  
I n c u b a t i o n  t i m e ,  h r  1 2  1 2  
2 0  
2 0  
A c t i v i t y  o f f e r e d ,  U  
9 . 1 6  9 . 1 6  9 . 9 7  
9 . 9 7  
A c t i v i t y  l o s t  f r o m  s o l u t i o n ,  U  7 . 4 6  9 . 1 6  
9 . 2 2  
8 . 0 7  
A c t i v i t y  a c c e p t e d  b y  c a r r i e r ,  U  
5 . 2 5  
7 . 6 1  
6 . 6 6  4 . 9 8  
I n u n o b i l i z e d  a c t i v i t y ,  U / g  
2 . 6 3  
4 . 3 5  2 7 . 0  
2 0 . 2  
E f f i c i e n c y  o f  i m m o b i l i z a t i o n ,  %  7 0 . 4  
8 3 . 1  7 2 . 2  
6 1 . 7  
N o t e :  T h e  i n u n o b i l i z e d  e n z y m e  \ v a s  a s s a y e d  b y  t h e  2 5  r n l  b a t c h  t e c h n q i u e .  
*  
N o  a c t i v a t i o n  w i t h  T i C 1
4
.  
T a b l e  2 .  
O p t i m i z a t i o n  o f  8 - x y l o s i d a s e  l o a d i n g  o n  a l u m i n a .  
· - - -
P o t e n t i a l  l o a d i n g ,  U / g  
5 . 2 3  
1 0 . 1  
1 5 . 5  
2 1 . 2  
4 0 . 9  
8 0 . 6  
i . J e i g h t  o f  c a r r i e r ,  g  1 .  7 5  
0 . 5 1 7  0 . 4 6 4  
0 . 4 6 4  
0 . 2 4 6  
0 . 0 5 0 6  
V o l u m e  o f  e n z y m e  s o l u t i o n ,  m l  5  8  1 1  
1 5  
1 5  5  
I n c u b a t i o n  t i m e ,  h r  
1 2  2 0  
2 0  2 0  
2 0  
2 4  
A c t i v i t y  o f f e r e d ,  U  
9 . 1 6  5 . 2 2  
7 . 1 8  
9 .  8 0  
9 . 9 7  
4 . 2 3  
A c t i v i t y  l o s t  f r o m  s o l u t i o n ,  U  
9 . 1 6  
5 . 1 9  7 . 1 3  
9 . 6 2  
9 . 2 2  3 . 2 2  
A c t i v i t y  a c c e p t e d  b y  c a r r i e r ,  U  
7 . 5 1  
3 . 7 4  
4 . 6 4  
7 . 1 7  
6 . 6 6  2 . 1 9  
l m m o b i 1 i z e d  a c t i v i t y ,  U / g  
4 . 2 9  
7 . 2 2  
1 0 . 0  
1 5 . 6  
2 7 . 0  
4 3 . 3  
l · : f r i l · l e n c y  o f  1 n u n u b i l i z a t l o n ,  ; : ,  ~2.0 
7 2 . 0  
6 5 . 1  
7 4 . 5  7 2 . 2  
6 8 . 1  
N o l l ' :  T e n  g r . : t r n . s  o f  t h e  c a r r i e r  w e r e  a c t i v a t e d  w i t h  1 0  m l  o f  T i C 1
4  
a n d  
3 0  m l  o f  w a t e r  a n d  w e r e  h e a t e d  t o  S 0 0 ° C .  T i t e  i m m o b i l i z e d  e n z y m e  w a s  
w a s  a s s a y e d  b y  t h e  2 5  m l  b a t c h  t e c h n i q u e .  
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Fig. 1. Effect of temperature on activity of soluble and 
· innnobilized 8-xylosidase at pH 4. 0. 
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INTRODUCTION 
THE EFFECT OF THE MAJOR STRUCTURAL PARAMETERS 
OF CELLULOSE ON ENZYMATIC HYDROLYSIS 
David H. Beardmore, Yong-Hyun Lee, and L. T. Fan 
Department of Chemical Engineering 
Kansas State University 
Hanhattan, Kansas 66506 
Enzymatic hydrolysis is recognized as a prom1s1ng process for the con-
version of waste cellulose to glucose. However, a full understanding of 
the mechanism of this reaction system has not yet been obtained. This 
full understanding is needed to develop a practical process of cellulose 
utilization. 
Hany parameters affect the enzymatic hydrolysis of cellulose: 
crystallinity, surface area, degree of polymerization, associated sub-
stances, such as lignin, type of crystal, etc. In this study, the effect 
of lignin will not be considered in order to thoroughly study the effects 
of the other parameters. Thus, only substrates which contain no lignin 
will be used: Solka Floc, a harnrnermilled sulfite pulp, and Sigmacell, a 
pure microcrystalline cellulose. This reaction is easily recognized as a 
heterogeneous system. Direct physical contact between the cellulose surface 
and the enzyme is necessary for the reaction to proceed. This leads to the 
conclusion that the specific surface area of the cellulose must be considered 
as a n~jor parameter in the hydrolysis. Cellulose is known to exist in a 
binary structural state, characterized by the amorphous and crystalline 
regions. It has been repeatedly shown that the amorphous regions are more 
readily hydrolyzed than the crystalline regions. Consequently, the cry-
stallinity cannot be overlooked as a major structural parameter affecting 
hydrolysis. This work will examine the effects of both surface area and 
crystallinity on the enzymatic hydrolysis of cellulose. Cellulose samples 
of varying crystallinity and specific surface area will be hydrolyzed by 
Trichoderma reesei QH 9414 enzyme filtrate and the initial hydrolysis rates 
will be related to the structural parameters. 
HATERIALS AND METHODS 
Cellulase source and production 
Culture filtrate from T. reesei QH 9414 (Supplied by U.S. Army Natick 
Lab) was used in·the hydrolysis because of high potency and high productivity. 
The enzyme was produced in 2 liter shaker flasks using 500 ml of the medium 
used by Mandels, et al. (1975). The flasks were inoculated with 10 ml of 
mycelia grown in shaker flasks from spore inoculation. The incubator 
shaker was set at 30°C and 250 rpm. The pH was controlled for the first 
two days to prevent it from droppin~ belo\oJ pH 2. 5 by adding a dilute 
38 
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N H
4
0 H  s o l u t i o n .  T h e  e n z y m e  s t o c k  w a s  h a r v e s t e d  a f t e r  f i v e  d a y s ,  f i l t e r e d ,  
r e f r i g e r a t e d  a n d  a  preserv~nt a d d e d .  
S u b s t r a t e  C e l l u l o s e  
I  
T h e  s u b s t r a t e s  c h o s e n  f o r  u s e  w e r e  f r e e  o f  l i g n i n ,  w h i c h  h a s  a  m a j o r  
e f f e c t  o n  t h e  h y d r o l y s i s  r a t e .  S o l k a  F l o c  S w  4 0  ( B r o w n  C o . ) ,  a  h a m m e r m i l l e d  
s u l f i t e  p u l p ,  a n d  S i g m a c e l l  5 0 ,  p u r e  m i c r o c r y s t a l l i n e  c e l l u l o s e  ( S i g m a  C o . ) ,  
w e r e  u s e d .  T h e  S o l k a  F l o c  w a s  f i r s t  s i e v e d  a n d  t h e  f r a c t i o n  p a s s i n g  2 7 0  
m e s h  b u t  n o t  p a s s i n g  4 0 0  m e s h  w a s  u s e d  a s  t h e  s u b s t r a t e .  T h i s  S o l k a  F l o c  
f r a c t i o n  w a s  b a l l m i l l e d  f o r  0 ,  1 2 ,  2 4 ,  4 8 ,  a n d  9 6  h o u r s  t o  o b t a i n  s a m p l e s .  
D e t e r m i n a t i o n  o f  t h e  s t r u c t u r a l  p a r a m e t e r s  
C r y s t a l l i n i t y :  T h e  c r y s t a l l i n i t y  w a s  m e a s u r e d  e m p l o y i n g  t h e  p o w d e r  
m e t h o d  o f  x - r a y  d i f f r a c t i o n  u s i n g  a  N o r e l c o  D i f f r a c t o m e t e r .  T h e  s p e c i m e n  
w a s  m o u n t e d  h o r i z o n t a l l y  w h i l e  t h e  G e i g e r  c o u n t e r  m o v e d  i n  a  v e r t i c a l  a r c .  
A  C u K a  t a r g e t  w i t h  a  n i c k e l  f i l t e r  w a s  u s e d .  T h e  s u b s t r a t e  s a m p l e  w a s  
d r i e d  o v e r n i g h t  a t  8 0 ° C  a n d  s t o r e d  i n  a d e s i c c a t o r .  T h e  s p e c i m e n s  w e r e  
p r e p a r e d  b y  t h e  m e t h o d  o f  M c C r e e r y  ( K l u g  a n d  A l e x a n d e r ,  1 9 5 4 ) .  T h e  s a m p l e s  
w e r e  s c a n n e d  f o r  v a l u e s  o f  2 0  r a n g i n g  f r o m  2 9 °  t o  1 0 °  ( S e e  F i g .  1 ) .  T h e  
c r y s t a l l i n i t y  i n d e x  p r o p o s e d  b y  S e g a l  ( S e g a l ,  1 9 5 9 )  w a s  e m p l o y e d  i n  t h i s  
w o r k :  
C r l  =  
I  - I  
0 0 2  a m  x  1 0 0  
1
o o 2  
w h e r e  r
0 0 2  
i s  t h e  i n t e n s i t y  o f  t h e  0 0 2  p e a k  ( a t  a b o u t  2 8  =  2 2 ° ) ,  a n d  l a m  i s  
t h e  i n t e n s i t y  a t  2 6  =  1 8 ° .  T h e  r
0 0 2  
p e a k  c o r r e s p o n d s  t o  t h e  c r y s t a l l i n e  
f r a c t i o n  a n d  t h e  l a m  i n t e n s i t y  c o r r e s p o n d s  t o  t h e  a m o r p h o u s  f r a c t i o n .  F i g .  1  
s h o w s  t h a t  t h e  i n t e n s i t i e s  w e r e  m e a s u r e d  a b o v e  a n  a p p r o x i m a t e  b a s e l i n e  
r e p r e s e n t i n g  b a c k g r o u n d  i n t e n s i t y .  
S p e c i f i c  S u r f a c e  A r e a :  T h e  s p e c i f i c  s u r f a < · e  a r e a  o f  e a c h  s a m p l e  w a s  
m e a s u r e d  u s i n g  a  P e r k i n - E l m e r  S o r p t o m e t e r  a n d  a p p l y i n g  t h e  B E T  e q u a t i o n .  
T h e  s a m p l e ,  . 2  t o  . 7  g r a m s ,  w a s  p l a c e d  i n  a U - t u b e  a n d  d e g a s s e d  b y  p a s s i n g  
h e l i u m  a t  8 0 ° C  s l o w l y  t h r o u g h  t h e  t u b e .  T h e  U - t u b e  c o n t a i n i n g  t h e  s a t t l p l e  
w a s  a t t a c h e d  t o  t h e  s o r p t o m e t e r  a n d  a  n i t r o g e n - h e l i u m  m i x t u r e  w a s  p a s s e d  
o v e r  t h e  s a m p l e .  T h e  s a m p l e  t u b e  w a s  t h e n  s u b m e r g e d  i n  l i q u i d  N
2  
(70°~) 
a n d  t h e  n i t r o g e n  i n  t h e  g a s  s t r e a m  w a s  a d s o r b e d  o n  t h e  s u r f a c e  o f  t h e  
c e l l u l o s e  s a m p l e .  T h e  d e s o r p t i o n  w a s  e f f e c t e d  b y  s u b m e r g i n g  t h e  s a m p l e  
t u b e  i n  r o o m  t e m p e r a t u r e  w a t e r .  T h e  c h a n g i n g  c o n c e n t r a t i o n  o f  n i t r o g e n  
i n  t h e  g a s  s t r e a m  c a u s e s  a  c h a n g e  i n  t h e  c o n d u c t a n c e  o f  t h e  g a s  w h i c h  i s  
r e c o r d e d  o n  a  s t r i p - c h a r t  r e c o r d e r  a s  a  p e a k .  T h e  a r e a  o f  t h e  d e s o r p t i o n  
p e a k s  w a s  m e a s u r e d  a n d  c o m p a r e d  t o  a  p e a k  a r e a  m e a s u r e d  f r o m  t h e  r e l e a s e  
o f  a  k n o w n  v o l u m e  o f  n i t r o g e n .  T h i s  c o m p a r i s o n  r a t i o  w a s  u s e d  i n  t h e  c a l -
c u l a t i o n s .  D e s o r p t i o n s  a t  t h r e e  d i f f e r e n t  n i t r o g e n  p a r t i a l  p r e s s u r e s  
w e r e  p e r f o r m e d  i n  o r d e r  t o  p l o t  a  t h r e e - p o i n t  B . E . T .  g r a p h .  T h e  s l o p e  
a n d  i n t e r c e p t  w e r e  u s e d  t o  c a l c u l a t e  t h e  s p e c i f i c  s u r f a c e  a r e a .  
40 
The adsorption peak for the cellulose samples, as shown in Fig. (2), 
tailed off somewhat and did not actually return to the baseline. This 
suggests that the sample continued to adsorb nitrogen indefinitely. When 
the nitrogen was desorbed, two peaks appeared, also shown in Fig. (2). 
l.Jhen nitrogen was adsorbed for diffL'rent lengths of time, the first desorp-
tion peak area stayed the same but the second desorption peak area increased 
in direct proportion to the amount of area under the adsorption peak tail. 
This. leads to the conclusion that the first desorption peak represents 
macropore desorption and the second desorption peak represents micropore 
desorption. The surface areas reported in this work were calculated from 
desorption peak areas where the nitrogen was previously adsorbed for four 
minutes. 
Hydrolysis 
The hydrolysis was carried out using the T.r. QM 9414 culture filtrate. 
Five 250 ml flasks were used for each different substrate. The substrate 
samples were dried overnight at 80°C and 5 grams \liaS weighed into each 
flask. Forty ml of H20, 5 ml of 1.0 citrate buffer and 50 ml of enzyme filtrate, all at 50°C, were added to each flask to give a 5% substrate 
solution. The stoppered flasks were placed in a 50°C incubator shaker 
set at 250 r.p.m. One rnl samples were taken from each flask and combined 
to make one 5 ml sample for each different substrate. These samples were 
taken at 2, 6, 10, 24, 48, 72 and 96 hours. The samples were placed in a 
boiling water bath for 5 minutes to denature the enzyme. The samples were 
then centrifuged and the supernatant refrigerated. The D.N.S. method 
(Miller, 1959) was performed on the samples to measure the reducing sugar 
concentration. 
RESULTS AND DISCUSSION 
The hydrolysis history of the different samples is shown in Fig. 3. 
The initial hydrolysis rate of each sample was determined from the data 
by computer methods. A polynomial model was fit to the data points and the 
derivative of this equation at zero time gave the initial hydrolysis rate. The 
decrease in hydrolysis rate with time is caused primarily by the fact that the 
amorphous cellulose is quickly hydrolyzed, leaving the more resistant crystalline 
cellulose to be hydrolyzed slowly. Product inhibition may also play a role 
in the decreasing rate. 
The effect of specific surface nrea on the initial hydrolysis rate is 
shown in Fig. 4. All but one.of the points behaved generally as expected. 
The specific surface area increases with increasing initial hydrolysis rate. 
The values of specific surface area range from 1.84 m2/g for Sigmacell to 
2.36 m2/g for the 48-hour ball-milled Solka Floc sample. The 96-hour 
ball-milled Solka Floc sample was measured at 1.91 m2/g. This value is 
rather enigmatic. A gross experimental error or some kind of packing of 
the fine powder may be the cause of the apparently low surface area value. 
It must be remembered that these surface values are not exactly representa-
tive of the surface that is ava i.lable to the hydrolyzing enzymes. These 
4 1  
v a l u e s  i n c l u d e  a r e a  i n  p o r e s  t o o  s m a l l  f o r  t h e  e n z y m e s  t o  e n t e r .  H o w e v e r ,  
i t  i s  a p p a r e n t  t h a t  t h e  d a t a  i s  s u f f i c i e n t l y  r e p r e s e n t a t i v e  o f  t h e  a c c e s s i b l e  
s u r f a c e  a r e a  t o  b e  m e a n i n g f u l .  T h e  m e a s u r e d  s u r f a c e  a r e a  i s  t h a t  o f  t h e  
s u b s t r a t e  b e f o r e  b e i n g  s w o l l e n  b y  w a t e r .  F u r t h e r  r e s e a r c h  w i l l  i n c l u d e  t h e  
m e a s u r e m e n t  o f  t h e  a c t u a l ,  w a t e r  s w o l l e n  s u r f a c e  a r e a  t h a t  i s  p r e s e n t e d  
t o  t h e  enzym~ d u r i n g  a n  a q u e o u s  h y d r o l y s i s .  T h e  a p p l i c a t i o n  o f  s o l v e n t  
d r y i n g  t e c h n i q u e s  w i l l  c a u s e  m u c h  o f  t h e  s w o l l e n  n a t u r e  o f  t h e  c e l l u l o s e  
t o  b e  r e t a i n e d  a f t e r  d r y i n g .  
F i g .  5  s h o w s  t h e  e f f e c t  o f  t h e  c e l l u l o s e  c r y s t a l l i n i t y  o n  i n i t i a l  
h y d r o l y s i s  r a t e .  T h e  d a t a  s h o w s  t h a t  a  s m a l l  c h a n g e  i n  c r y s t a l l i n i t y  h a s  
a  l a r g e  e f f e c t  o n  i n i t i a l  h y d r o l y s i s  r a t e  a t  b o t h  h i g h  a n d  l o w  c r y s t a l l i n i -
t i e s .  A t  i n t e r m e d i a t e  v a l u e s ,  C r l  =  2 0  - 6 5 ,  c h a n g i n g  c r y s t a l l i n i t y  h a s  
o n l y  a  s m a l l  e f f e c t  o n  i n i t i a l  h y d r o l y s i s  r a t e .  A g a i n ,  t h i s  d a t a  i s  t a k e n  
f r o m  s a m p l e s  t h a t  a r e  n o t  w a t e r  s w o l l e n .  A d d i t i o n a l  r e s e a r c h  w i l l  i n c l u d e  
m e a s u r i n g  t h e  c r y s t a l l i n i t y  o f  s o l v e n t  d r i e d  s a m p l e s  t o  m o r e  a c c u r a t e l y  
c h a r a c t e r i z e  t h e  w a t e r  s w o l l e n  s t a t e  o f  c e l l u l o s e .  
F u r t h e r  r e s e a r c h  w i l l  b e  d o n e  i n  m o d e l i n g  t h e  h y d r o l y s i s  f r o m  t h e s e  
t w o  p a r a m e t e r s .  S i m p l e  m o d e l i n g  e q u a t i o n s  w i l l  b e . e x a m i n e d  u s i n g  C r i  a n d  
s p e c i f i c  s u r f a c e  a r e a  a s  s i n g l e  p a r a m e t e r s  a n d  c o m b i n e d  i n  a  t w o - p a r a m e t e r  
m o d e l .  
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PURIFICATION OF A HIGH MOLECULAR WEIGHT HEMICELLULASE 
INTRODUCTION 
Ricardo A. Fournier 
Department of Chemical Engineering 
Iowa State University 
Ames, Iowa 50011 
In earlier work, samples of crude hemicellulase from Aspergillus 
niger (Rohm and Haas Rhozyme HP-150 Concentrate) had been separated into 
xylanase fractions by passing them through columns packed with Ultrogel 
AcA 54, a gel permeation chromatographic material. 1 Six major peaks 
with activity on xylans derived fra.m different sources were obtained 
(Fig. 1). The first peak to emerge from the column, which had the 
highest molecular weight, was undoubtedly s-xylosidase. Next, a peak 
labeled Fraction A' was actually an amylase attacking a starch impurity 
in two different xylans, one from larchwood and the other from corn 
hulls that had not been destarched. Three other enzyme peaks, labeled 
Fractions B, C, and D, degraded virtually every xylan sample tested 
and appeared to be true xylanases. The sixth peak, eluted between 
Fraction A' and B, attacked only one xylan, which had been obtained 
from larchwood, and was called larchwood xylan-lot 1. 
At the beginning of this project, it was-not clear whether this 
enzyme, Fraction A, was in fact a xylanase. To resolve this question, 
it was necessary to purify Fraction A to the point where only one enzyme 
that hydrolyzed larchwood xylan-lot 1 was present in any sample and 
then to identify the products of that hydrolysis. This would allow 
a decision of whether Fraction A was cleaving a bond in this xylan 
that was not present in other xylans or whether it was attacking an 
impurity in this one sample. 
MATERIALS AND METHODS 
Substrates 
A sample of approximately 1% solids content was made by dissolving 
2% Sigma X3875 larchwood xylan (Lot 62C-2820) in water at room tempera-
ture and centrifuging out the undissolved material. This material was 
larchwood xylan-lot 1. Essentially the same procedure was used to 
obtain a roughly 1% solution of larchwood xylan-lot 2 from Sigma 
Lot 125C-00582 xylan. 
· A number of other substrates were used instead of xylan in the 
enzyme assay to test for the presence of other carbohydrolases. They 
included polygalacturonic acid (98%, Sigma P3889, Lot 65C-0192), pectin 
(polygalacturonic acid, methyl ester, Sigma P9135, Lot 64C-0028), 
yeast mannan (Sigma P9123, Lot 44C-01764), laminarin (crystalline, 
from Laminaria hyperborea, Sigma Ll629, Lot SSC-0210), larchwood arabino-
galactan (Sigma A2012, Lot 122C-0010), arabic acid (Sigma A3006, Lot 
75C-0277), dextran (Sigma D4751, Lot 54C-0326), inulin (Fisher I-32, 
Lot 741813), chitin (Sigma C3387, Lot 84C-0283), raffinose (Pfanstie1, 
Lot 6750), locust bean gum (Sigma G0753, Lot 75C-0101), and quar gum 
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( S i g m a  G 4 1 2 9 ,  L o t  5 6 C - 0 1 3 4 ) .  I n  a d d i t i o n  t e s t s  w e r e  m a d e  o n  a  b a r i u m  
h y d r o x i d e  p r e c i p i t a t e  o f  l a r c h w o o d  x y 1 a n - l o t  1 ,  w h i c h  w o u l d  h a v e  b e e n  
r i c h  i n  m a n n a n  i f  m a n n a n  h a d  b e e n  a  c o n t a m i n a n t  o f  t h e  x y l a n ,  a n d  o n  
x y l o b i o s e ,  x y l o t r i o s e ,  a n d  x y l o t e t r a o s e  o b t a i n e d  b y  a c i d  h y d r o l y s i s  
o f  l a r c h w o o d  x y l a n - l o t  2  a n d  s u b s e q u e n t  p a s s a g e  t h r o u g h  a  c h a r c o a l -
C e 1 i t e  c o l u m n .  
E n z y m e  A s s a y  
E n z y m e  a c t i v i t y  w a s  d e t e r m i n e d  b y  a  S o m o g y i - N e 1 s o n  r e d u c i n g  s u g a r  
a s s a y , 2  u s i n g  1 . 5  m l  o f  0 . 0 7 5 M  s o d i u m  a c e t a t e  b u f f e r  a t  p H  4 . 8
0  
0 . 5  m l  
o f  1 %  x y l a n ,  a n d  2 5  ~1 o f  e n z y m e  s o l u t i o n .  A f t e r  2 0  m i n  a t  4 0  C ,  2  m l  
o f  S o m o g y i ' s  r e a g e n t  w e r e  a d d e d ,  a n d  t h e  m i x t u r e  w a s  b o i l e d  f o r  2 0  m i n .  
I t  w a s  t h e n  c o o l e d  f o r  5  m i n ,  a n d  2  m l  o f  N e l s o n ' s  r e a g e n t  w e r e  a d d e d .  
A f t e r  b e i n g  s h a k e n  a n d  h a v i n g  s t o o d  f o r  3 0 - 6 0  m i n ,  p a r t  o f  t h e  m i x t u r e  
w a s  t r a n s f e r r e d  t o  a  1  e m  p a t h  l e n g t h  c u v e t t e  a n d  i t s  a b s o r b a n c e  
m e a s u r e d  a t  5 0 0  n m  w i t h  a  B e c k m a n  D U  s p e c t r o p h o t o m e t e r  m o d i f i e d  w i t h  
a  G i l f o r d  M o d e l  2 5 2  u p d a t e  s y s t e m .  
P r o t e i n  D e t e r m i n a t i o n  
4 8  
P r o t e i n  w a s  d e t e r m i n e d  b y  e i t h e r  o f  t w o  m e t h Q d s .  
e n t s ,  t h e  a b o s r b a n c e  a t  2 8 0  n m  w a s  m e a s u r e d  a s  a b o v e .  
p r o t e i n  w a s  d e t e r m i n e d  b y  L o w r y ' s  m e t h o d . 3  
W i t h  c o l u m n  e f f l u -
W i t h  e n z y m e  p o o l s ,  
R E S U L T S  
C o l u m n  C h r o m a t o g r a p h y  o f  F r a c t i o n  A  
A  s a m p l e  o f  3 4  m l  o f  F r a c t i o n  A  i n  0 . 0 2 5 M  s o d i u m  a c e t a t e  b u f f e r ,  
p H  5 . 5 ,  o b t a i n e d  b y  U l t r o g e l  A c A  5 4  g e l  p e r m e a t i o n  c h r o m a t o g r a p h y ,  
w a s  a d d e d  t o  a  3 . 4  e m  d i a m e t e r  b y  6 2 . 5  e m  h i g h  D E A E - S e p h a d e x  A - 2 5  
c o l u m n .  I t  w a s  e l u t e d  w i t h  t h e  s a m e  b u f f e r  a t  1  m l / m i n ,  a  l i n e a r  
g r a d i e n t  c o n s t r u c t e d  w i t h  1 M  N a C l  b e i n g  i m p o s e d .  . T w o  d i f f e r e n t  f r a c -
t i o n s  w i t h  a c t i v i t y  o n  l a r c h w o o d  x y l a n - l o t  1  w e r e  o b t a i n e d  ( F i g .  2 ) .  
W h e n  p o o l e d ,  t h e  f i r s t  p e a k  ( P o o l  1 )  w a s  o b t a i n e d  i n  3 5 . 3 %  y i e l d  a t  
5 . 2 - f o l d  p u r i f i c a t i o n ,  a n d  t h e  s e c o n d  p e a k  ( P o o l  2 )  w a s  o b t a i n e d  i n  
4 4 %  y i e l d  a n d  3 . 2 5 - f o l d  p u r i f i c a t i o n .  
P r o p e r t i e s  o f  P u r i f i e d  E n z y m e s  D e r i v e d  f r o m  F r a c t i o n  A  
O f  t h e  s u b s t r a t e s  l i s t e d  a b o v e  t h a t  r e p l a c e d  x y l a n  i n  t h e  e n z y m e  
a s s a y ,  P o o l s  1  a n d  2  pro~uced r e d u c i n g  s u g a r s  o n l y  f r o m  p e c t i n  a n d  
p o l y g a l a c t u r o n i c  a c i d .  
T h e  e f f e c t  o f  p H  o n  t h e  t w o  p o o l s  w a s  m e a s u r e d  w i t h  t h e  r e g u l a r  
a s s a y ,  u s i n g  l a r c h w o o d  x y l a n - l o t  1  w i t h  t w o  d i f f e r e n t  b u f f e r s .  A t  p H  
3 . 6  a n d  b e l o w ,  S o r e n s e n ' s  g l y c i n e  b u f f e r ,  O . l M  g l y c i n e  o f  O . l M  N a C l  
m i x e d  w i t h  d i f f e r e n t  a m o u n t s  o f  O . l M  H C l ,  w a s  e m p l o y e d .  A b o v e  p H  2 . 8 ,  
M c i l v a i n e ' s  b u f f e r ,  O . l M  c i t r i c  a c i d  w i t h  v a r y i n g  a m o u n t s  o f  0 . 2 M  
N a
2
H P 0
4
,  w a s  u s e d .  B o t h  p o o l s  h a d  h i g h e s t  a c t i v i t y  a t  p H  2 . 7 5 ,  w i t h  
a  r a p i d  d e c r e a s e  a t  l o w e r  p H ' s  b u t  m u c h  m o r e  g e n t l e  d e c r e a s e s  a t  
p H ' s  a b o v e  t h e  o p t i m u m  ( F i g .  3 ) .  T h o u g h  t h e  o p t i m u m  w i t h  p e c t i n  w a s .  
a l s o  b e l o w  p H  3 ,  t h a t  w i t h  p o l y g a l a c t u r o n i c  a c i d  w a s  b e t w e e n  p H  4  a n d  
p H  5 .  
Analysis of Hydrolysis Products of Fraction A Enzymes 
Pool 2 was incubated with a sample of larchwood xylan-lot 1, and 
some of the product was placed on a 6.5 em diameter by 65 em high 
column packed with an equal weight mixture of Darco G-60 charcoal 
(Baker) and Celite 545 (Johns-Manville) and with pure Celite 545 in 
the bottom 5 em. The column was eluted with water and a linear buta-
nol gradient. 
49 
Six fractions with activity on larchwood xylan-lot 1 were collected 
and evaporated to dryness. They were dissolved in a minimum amount of 
water and reprecipitated with 95% ethanol. 
Thin layer chromatography with a 6:3:2 ethyl acetate/acetic acid/ 
water solvent ratio and 250 ~m silica gel G layers on glass were em-
ployed on these six products. After two ascents and spraying with an 
equal volume mixture of 0.2% naphtherosorcinol in methanol and 20% 
sulfuric acid in water, it was obvious that each fraction was composed 
of two components in the trisaccharide to disaccharide size range. 
No fragtion had mannose, as determined by an L-cysteine-sulfuric 
acid assay. The six pools were hydrolyzed with 1.33% aqueous sulfuric 
acid at 100°C for 3 hr. After addition of barium hydroxide, samples 
of the hydrolysate were found to have no glucose by a Beckman ERA-2001 
Glucose Analyzer. The hydrolysates were subjected to thin layer 
chromatography as before. None of the original spots remained; 
instead a pattern (similar for all six hydrolysates) of a monosaccharide 
and small oligosaccharides was found. The monomer was unidentified 
but it was not xylose. 
The hydrolysates were subjected to high pressure liquid chromato-
graphy on a Waters ALC 201 instrument with an Aminex 50W-X4 cation 
0 
exchange column eluted with water at 80 C. A number of unidentified 
peaks emerged, but two were characteristic: one that was similar in 
shape and retention time to a uronic acid, and a second that was eluted 
at a time identical to that of known samples of methanol. 
DISCUSSION 
It is clear that the two enzymes with activity on larchwood xylan-
lot 1 that were separated from Fraction A by DEAE-Sephadex column 
chromatography are not xylanases. Not only did they attack just one 
xylan sample out of a number offered, but when samples of this reaction 
were separated and hydrolyzed, no xylose was produced. 
It appears that the enzymes are actually polygalacturonases. 
They are active on both pectin and polygalacturonic acid, and the pH 
optim~-9n these two substrates agreed with those reported in the litera-
ture. In addition, the products of the larchwood xylan-lot 1 reaction, 
when separated and hydrolyzed with acid, yielded a uronic acid and 
methanol, both components of pectin. While not proven, it seems 
obvious that these two enzymes were attacking a pectin impurity found 
only in larchwood xylan-lot 1. No further work is being conducted on 
these enzymes. 
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Fig. 1. Activity of Ultrogel AcA 54 eluent fractions on xylans of varying composition when 
5.1 x 99 em column was operated at pH 4.8, 18 ml loading and 1 ml/min. 
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I n t r o d u c t i o n  
A e r o b i c  F e r m e n t a t i o n  o f  B a n a n a  
P u l p  b y  A s p e r g i l l u s  F u m i g a t u s  
S t e p h e n  L o r b e r t  
D e p a r t m e n t  o f  C h e m i c a l  E n g i n e e r i n g  
U n i v e r s i t y  o f  M i s s o u r i  
C o l u m b i a ,  M O  6 5 2 0 1  
A s  t h e  w o r l d • s  p o p u l a t i o n  c o n t i n u e s  t o  g r o w ,  i t  h a s  b e c o m e  i n c r e a s -
i n g l y  m o r e  d i f f i c u l t  t o  m e e t  t h e  s u b s e q u e n t  d e m a n d  f o r  n u t r i t i o u s  f o o d -
s t u f f s  w i t h  c o n v e n t i o n a l  m e t h o d s  o f  f o o d  p r o d u c t i o n .  T h i s  p r o b l e m  i s  
e s p e c i a l l y  a c u t e  i n  t h e  l e s s  d e v e l o p e d  r e g i o n s  o f  t h e  w o r l d .  C o u n t r i e s  
i n  L a t i n  A m e r i c a ,  A f r i c a ,  a n d  A s i a  o f t e n  h a v e  a n  a b u n d a n c e  o f  c a r b o h y d r a t e  
r i c h  f o o d s ,  b u t  l a c k  a d e q u a t e  s o u r c e s  o f  p r o t e i n  { 1 , 2 , 8 ) .  R i c e ,  b a n a n a s ,  
a n d  s t a r c h y  r o o t  c r o p s  l i k e  c a s s a v a ,  a r e  m a i n s t a y s  i n  t h e  d i e t s  o f  p e o p l e  
f r o m  t h e s e  a r e a s .  E f f i c i e n t  c o n v e r s i o n  o f  s u r p l u s  c a r b o h y d r a t e  t o  p r o t e i n  
w o u l d  b e  o f  o b v i o u s  n u t r i t i o n a l  b e n e f i t .  
I n v e s t i g a t i o n s  i n t o  t h e  u s e  o f  m i c r o o r g a n i s m s  t o  c o n v e r t  t h e s e  c a r b o -
h y d r a t e  r i c h  c r o p s  i n t o  p r o t e i n  h a v e  d e s e r v e d  w i d e s p r e a d  a t t e n t i o n  i n  re~ 
c e n t  y e a r s  ( 3 , 9 ) .  I n  p a r t i c u l a r ,  c o m p r e h e n s i v e  s t u d i e s  h a v e  b e e n  m a d e  f o r  
t h e  u s e  o f  t h e r m o - t o l e r a n t  f u n g i  t o  c o n v e r t  c a s s a v a  i n t o  m i c r o b i a l  p r o t e i n  
f o r  u s e  i n  a n i m a l  f e e d s : { 5 , 6 , 7 ,  1 2 ) .  T h e  p r o c e s s  c o n s i s t s  o f  a  s i m p l e  s u b -
m e r g e d  f e r m e n t a t i o n  w h i c h  p r o v i d e s  a  r e a d i l y  u s e a b l e  p r o t e i n  p r o d u c t  a t  l o w  
c o s t .  T o  d a t e ,  h o w e v e r ,  o n l y  l i m i t e d  i n q u i r i e s  h a v e  b e e n  m a d e  t o  e s t a b l i s h  
s i m i l a r  u s e s  f o r  t h e  b a n a n a  ( 1 0 ) .  I t  h a s  b e e n  t h e  p u r p o s e  o f  o u r  r e s e a r c h  
t o  m a k e  s u c h  a n  i n v e s t i g a t i o n ,  a n d  t o  d e t e r m i n e  t h e  f e a s i b i l i t y  o f  a d o p t -
i n g  a  c a s s a v a - t y p e  f e r m e n t a t i o n  t e c h n o l o g y  t o  t h e  p r o d u c t i o n  o f  s i n g l e  
c e l l  p r o t e i n  f r o m  w a s t e  b a n a n a s .  
T h e  c a s s a v a  p r o c e s s  u t i l i z e s  a  t h e r m o t o l e r a n t  m o l d  i d e n t i f i e d  a s  
As~ergillus f u m i g a t u s  t o  c o n v e r t  t h e  s t a r c h y  c a s s a v a  s u b s t r a t e  i n t o  s i n g l e -
c e  1  p r o t e i n  ( S C P ) .  B e c a u s e  o f  t h e  p o t e n t i a l  p a t h o g e n i c  n a t u r e  o f  t h e  
s p o r e s  p r o d u c e d  b y  t h i s  o r g a n i s m ,  a n  a s p o r o g e n o u s  v a r i e t y  d e s i g n a t e d  I - 2 1 A  
w a s  i s o l a t e d  f o l l o w i n g  g a m m a  i r r a d i a t i o n .  T h e  s t r a i n  g r e w  w e l l  a t  t e m p e r a -
t u r e s  a p p r o a c h i n g  5 0 c C  a n d  a t  p H  c o n d i t i o n s  a s  l o w  a s  3 . 0  t o  3 . 5 .  F i g u r e  1  
s h o w s  t h e  e f f e c t s  o f  p H  a n d  t e m p e r a t u r e  o n  p r o t e i n  y i e l d  w h e n  A ·  f u m i g a t u s  
I - 2 1 A  w a s  g r o w n  o n  c a s s a v a  e x t r a c t  ( 1 2 ) .  T h i s  f i g u r e  i s  a  g r a p h i c a l  r e p r e -
s e n t a t i o n  o f  d a t a  g a t h e r e d  b y  R e a d e  a n d  G r e g o r y  ( p ) .  
R e a d e  a n d  G r e g o r y  a l s o  v a r i e d  t h e  i n i t i a l  c o n c e n t r a t i o n  o f  c a r b o h y -
d r a t e  u n d e r  o p t i m a l  c o n d i t i o n s  o f  p H  a n d  t e m p e r a t u r e  t o  d e t e r m i n e  t g e  m a x i -
m u m  y i e l d  o f  c r u d e  p r o t e i n .  A l l  f e r m e n t a t i o n s  w e r e  c o n d u c t e d  a t  4 5  C  a n d  
a t  a  p H  o f  3 . 5 .  T h e i r  r e s u l t s  a r e  s u m m a r i z e d  i n  F i g u r e  2 .  F o r  a  f i v e  l i t e r  
b a t c h  f e r m e n t a t i o n ,  4 0 . 6  g / 1  o f  i n i t i a l  c a r b o h y d r a t e  g a v e  a n  o p t i m a l  y i e l d  
o f  c r u d e  p r o t e i n .  A p p r o x i m a t e l y  2 3 . 1 %  o f  t h e  c a r b o h y d r a t e  o f  t h e  c a s s a v a  
5 4  
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was converted to protein during the fermentation. The mean protein mass 
doubling time was observed to be about 3.4 hours (12). 
The severity of growth conditions cited above makes A. fumi~atus I-21A 
a potentially attractive source of protein when compared with0ot er organisms. Thermophilic yeasts that were grown on overripe bananas at 35 C achieved 
protein conversions equal to or surpassing that achieved by the fungi. How-
ever, the optimum pH for growth was comparatively high at 5.0. Initial 
sterilization of the media· as well as continuous filtration of the air supply 
were necessary in order to insure the production of homogeneous cultures. In 
contrast, the extreme conditions under which A· fumigatus is able to thrive 
allows fermentations to continue under essentially non-aseptic conditions. 
Fermentations that were started with active cultures of inoculum gave no 
indications of infectious growth when examined microscopically. 
The nutritional value of A· fumigatus I-21A has also been examined. 
In recent testing done at the University of Guelph rats were fed a diet 
containing fungal protein (7). Growth rates were compared with rats fed 
a diet containing casein, and the fungal diet appeared significantly less 
wholesome when not supplemented with methionine. Evaluations of the amino 
acid content of the microbial protein showed low concentrations of sulfur-
containing amino acids. When 0.6% DL-methionine was added to the daily 
diet of SCP, growth rates were comparable with growth of rats fed casein. 
All evidence suggests that protein produced from A. fumigatus can adequately 
serve the protein needs of most mammals when suppTemented with methionine. 
Toxicological investigations of A· fumi~atus I-21A revealed no harm-
ful effects as a result of test feedings wit laboratory rats. 
Sources of Banana 
The banana is a rich source of carbohydrate and as such is a desirable 
substrate for fermentation with A. fumigatus. It is estimated that most 
commercial species of bananas contain between 20-30% dry matter, almost 
all of which is carbohydrate (13, 14). The starch is hydrolyzed during the 
ripening process and is converted largely to sucrose, glucose, and fruc-
tose. Figure 3 shows the relationship between the various carbohydrate 
fractions and the days of ripening. Because A· fumigatus can ferment both 
ripe and green bananas, it has obvious advantages over high temperature 
yeasts which produce no amylase-type enzymes. A small amount of crude 
protein is also contained by the banana, but usually not more than 1% 
of its total weight. 
Total world production of bananas was over 28 million tons in 1975. 
Equador, the world•s largest producer of bananas, harvested 2.1 million 
tons of which about 61% was exported to foreign markets. Around 12% of 
the crop was consumed locally leaving approximately 27% as waste (4). 
Large amounts of waste ar.e typically incurred while harvesting bananas 
each year. Wasted fruit can account for 15%-35% of the yearly crop, and 
in some locales up to 50%, depending on the prevailing market. The extremely 
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p e r i s h a b l e  n a t u r e  o f  t h e  b a n a n a  p r e c l u d e s  t h e  s e n d i n g  o f  r i p e  o r  o v e r r i p e  
f r u i t  t o  d i s t a n t  f o r e i g n  m a r k e t s .  B l e m i s h e d  o r  b r u i s h e d  b a n a n a s  a r e  a l s o  
n o t  e x p o r t e d .  B a n a n a s  w h i c h  c a n n o t  b e  c o n s u m e d  l o c a l l y  a r e  u s u a l l y  d i s p o s e d  
o f  a n d  a l l o w e d  t o  w a s t e .  
P r o s p e c t s  f o r  F u n g a l  S C P  
G i v e n  t h e  r e l a t i v e  l o w  c o s t  w i t h  w h i c h  t h e  w a s t e d  f r u i t  m i g h t  b e  s u p p l i e d ,  
p r o s p e c t s  a r e  g o o d  t h a t  a n  e c o n o m i c a l  o p e r a t i o n  c o u l d  b e  d e v e l o p e d  t o  p r o d u c e  
m i c r o b i a l  p r o t e i n  f r o m  w a s t e  b a n a n a s .  I n i t i a l  s p e c u l a t i o n  h a s  b e g u n  o n  
a  p r o c e s s  f o r  E q u a d o r  { 4 ) .  A f t e r  e v . a l u a t i n g  v a r i o u s  o p e r a t i n g  c o s t s ,  i t  
w a s  e s t i m a t e d  t h a t  a n  8 %  p r o t e i n  a n i m a l  f e e d  p r o d u c t  c o u l d  b e  p r o d u c e d  f o r  
a b o u t  $ 3 0 . 8 0  a  t o n .  A t  p r e s e n t ,  r e s e a r c h  i n d i c a t e s  t h a t  i n t r o d u c t i o n  o f  
s u c h  a  p r o d u c t  i n t o  t h e  p o u l t r y  f e e d  m a r k e t  m i g h t  m e e t  w i t h  r e a s o n a b l e  s u c c e s s  
a s  l o n g  a s  t h e  p r i c e  re~ained c o m p e t i t i v e .  
G i v e n  i t s  s u c c e s s  w i t h  t h e  c a s s a v a ,  A s p e r g i l l u s  f u m i g a t u s  I - 2 1 A  s e e m s  
a n  a p p r o p r i a t e  o r g a n i s m  w i t h  w h i c h  t o  b e g i n  f e r m e n t a t i o n  s t u d i e s  o n  t h e  
b a n a n a .  ~· f u m i g a t u s  c a n  g r o w  r a p i d l y  a t  h i g h  t e m p e r a t u r e s  a n d  a t  a  l o w  
p H ,  t h u s  p r e v e n t i n g  t h e  g r o w t h  o f  m o s t  o t h e r  t y p e s  o f  i n f e c t i n g  o r g a n i s m s .  
T h e  s e v e r i t y  o f  g r o w t h  c o n d i t i o n s  a l o n g  w i t h  t h e  e a s y  h a r v e s t i b i l i t y  o f  
t h e  m y c e l i a  f a c i l l i t a t e s  a  p o t e n t i a l  p r o d u c t i o n  f a c i l i t y  o f  n o n - a s e p t i c ,  
l o w  t e c h n o l o g i c a l  c h a r a c t e r .  T h e  d e s i r a b i l i t y  a n d  a v a i l a b i l i t y  o f  w a s t e  
b a n a n a s  a s  a  s u b s t r a t e  h a s  b e e n  e s t a b l i s h e d .  F o r  t h o s e  u n d e r d e v e l o p e d  
c o u n t r i e s  p r o d u c i n g  b a n a n a s ,  t h e  p r o d u c t i o n  o f  S C P  w i l l  o f f e r  o b v i o u s  e c o n o m i c  
b e n e f i t s  a s  w e l l  a s  a n  i m p o r t a n t  m e a n s  o f  m e e t i n g  p r o t e i n  n e e d s  i n  t h e  f u t u r e .  
R e s e a r c h  B a s i s  
T h e  o b j e c t  o f  i n i t i a l  e x p e r i m e n t s  with~· f u m i g a t u s  I - 2 1 A  h a s  b e e n  t o  
d e t e r m i n e  c o n d i t i o n s  o f  p H  a n d  t e m p e r a t u r e  f o r  ma~imum g r o w t h .  T h e  r a n g e  
o f  g r o w i n g  e n v i r o n m e n t s  w a s  e s s e n t i a l l y  m o r e  e n c o m p a s s i n g  t h a n  t h o s e  r e -
p o r s e d  b~ p r e v i  au~ e x p e r i m e n t s .  T e s t s  w e r e  r u n  a t  t h r e e  t e m p e r a t u r e s  
( 3 5  ,  4 5  ,  a n d  5 0  C )  a n d  a t  e a c h  t e m p e r a t u r e  g r o w t h  w a s  e x a m i n e d  a t  p H • s  
2 , 3 , 4 , 5 ,  a n d  6 .  
B e c a u s e  i t  i s  c r u c i a l  t o  . d e v e l o p  a  m e d i a  t h a t  i s  r e s i s t a n t  t o  a t t a c k  
f r o m  p o t e n t i a l l y  i n f e c t i n g  o r g a n i s m s ,  n o n e  o f  t h e  n u t r i e n t - s u b s t r a t e  m i x -
t u r e s  w e r e  s t e r i l i z e d  b e f o r e  i n o c u l a t i o n .  A f t e r  a  7 2  h o u r  p e r i o d ,  e a c h  o f  
t h e  c u l t u r e s  w e r e  m i c r o s c o p i c a l l y  e x a m i n e d  f o r  c o n t a m i n a t i n g  g r o w t h .  
T h e  r e s u l t s  o f  t h e s e  f i r s t  e x p e r i m e n t s  w i l l  b e  u s e d  i n  l a t e r  b a t c h  
f e r m e n t a t i o n s  t o  m a x i m i z e  y i e l d i n g  u s i n g  v a r i o u s  i n i t i a l  c o n c e n t r a t i o n s  
o f  b a n a n a  a s  s u b s t r a t e .  
M e t h o d s  a n d  A p p a r a t u s  
C u l t u r e s  o f  t h e  ~· f u m i g a t u s  I - 2 1 A  m u t a n t  w e r e  o b t a i n e d  f r o m  A . E .  
R e a d e  a n d  K . F .  G r e g o r y  w h o ,  a t  t h e  U n i v e r s i t y  o f  G u e l p h ,  C a n a d a ,  d i d  
m o s t  o f  t h e  i n i t i a l  w o r k  w i t h  c a s s a v a .  T h e  f u n g u s  w a s  m a i n t a i n e d  o n  
p o t a t o  d e x t r o s e  a g a r  ( P D A )  s l a n t s .  
----------------------------------
A cornstarch-nutrient medium was selected for growing the inocula 
as well as the cultures involved in the initial experiments involving 
optimization of pH and temperature. The concentration of starch in the 
growth media was 4 g/1. Urea was used as the nitrogen source and the 
individual components were added to the mixture in the proportions 
listed below: To 11 liters of distilled water was added: 
53.9 g 
23.95 g 
11.0 g 
11.0 g 
11.0 ml. 
urea 
phosphoric acid 
magnesium sulfate 
potassium chloride 
trace minerals 
The trace elements solution was composed of the following: 
16.7 g/1 ZnS04.7H20 
0.18 g/1 FeC1 3.6H20 
0.16 g/1 CuS04.sH20 
0.18 g/1 CoC1 3.6H20 
20.10 g/1 EDTA 
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To increase the filterability of the cornstarch solution, roughly .25g of 
a-amylase ~as added per liter of mixture which was then heated to approxi-
mately 180 F and cooled to room temperature prior to use. 
Optimization of pH and temperature was conducted in a shake flask in-
cubator u~ing 125 ml. erlenmeyer flasks. At each of the three tempera-
tures, six flasks were made up for each of the five pH's examined. Three 
from each group were inoculated and three were left as controls. For each 
set of six flasks, 300 ml. of untreated solution was brought to the proper 
pH and then 50 ml. was added to each flask. After inoculation, the flasks 
were allowed to incubate with shaping at the desired temperature for 72 
hours. 
Inoculum for the experiments was grown in a similar manner; 75 ml of 
batches of inoculum were grown in erlenmeyer flasks at pH 3.5 and at the 
temperature .of the particular run. Before inoculating, the flasks of fungus 
were homogenized for 30 seconds using a blender and 2 ml samples were added 
to each of the flasks designated for inoculation. 
To determine the dry matter content of the flasks, the samples were 
filtered through pretared Whatman 541 ashless filter pagers. The filter 
papers containing the solids were allowed to dry at 110 C overnight and 
were then reweighed. The dry matter content was computed from the two 
weighings. 
Fungal protein was extracted from the samples of dry matter using sodium 
hydroxide and then assayed quantitatively using the Riuret method. The 
Appendix provides an explanation of the method as used in these experiments. 
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R e s u l t s  
U s i n g  u r e a  a s  a  n i t r o g e n  s o u r c e ,  n o  f l u c t u a t i o n s  i n  p H  w e r e  o b s e r v e d  
d u r i n g  t h e  a c t u a l  g r o w i n g  p h a s e  o f  t h e  c u l t u r e .  T h e s e  r e s u l t s  a r e  c o n -
s i s t e n t  w i t h  t h o s e  r e p o r t e d  b y  R e a d e  a n d  G r e g o r y  i n  t h e i r  f e r m e n t a t i o n s  
u s i n g  c a s s a v a  ( 1 2 ) .  B e c a u s e  t h e  p H  c h a n g e s  d u r i n g  t h e  f e r m e n t a t i o n s  w e r e  
n o t  c r i t i c a l ,  t h e  a d d i t i o n  o f  e x c e s s  b u f f e r  t o  t h e  m e d i a  w a s  n o t  n e c e s s a r y  
t o  m a i n t a i n  t h e  d e s i r e d  p H .  
T h e  r e s u l t s  o f  t h e  s h a k e  f l a s k  f e r m e n t a t i o n s  a t  3 5 ° ,  4 5 ° ,  a n d  5 0 ° C .  
C o n c e n t r a t i o n  i s  g i v e n  i n  t e r m s  o f  m g  o f  d r y  m a t t e r  o r  m g  o f  p r o t e i n  p e r  
5 0  m l  o f  s o l u t i o n  i n  e a c h  f l a s k .  T h e  m a a i m u m  a m o u n t  o f  d r y  m a t t e r  a n d  
t h e  g r e a t e s t  c o n v e r s i o n  t o  p r o t e i n  a t  3 5  C  o c c u r r e d  a t  p H  5 . 0 .  T h e s e  
a r e  a l s o  m a x i m u m  v a l u e s  w h e n  c o m p a r e d  t o  t h e  o p t i m u m  r e s u l t s  a t  t h e  o t h e r  
t w o  t e m p e r a t u r e s .  I n  f a c t ,  a t  e a c h  o f  t h e
0
p H ' s  t e s t e d ,  g r e a t e r  y i e l d s  o f  
d r y  m a t t e r  a n d  p r o t e i n  w e r e  g b s e r v e d  a t  3 5  C  t h a n  f o r  a n y  o f  t h e  c o r r e s -
p o n d i n g  s a m p l e s  a t  4 5 °  o r  5 0  C .  
T h i s  g e n e r a l  d e c l i n e  i n  t h e  c o n c e n t r a t i o n s  o f  d r y  m a t t e r
0
a n d  p r o t e i n  
w i t h  i n c r e a s i n g  t e m p e r a t u r e  i s  i l l u s t r a t e d  i n  F i g u r e  5  f o r  4 5  C .  A c c o m -
p a n y i n g  t h i s  d e c r e a s e  i n  p r o d u c t i v i t y  i s  a  s h i f t  t o w a r d s  a  l o w e r  p H  f o r  
o p t i m u m  condition~ o f  a c t i v i t y  a t  t h i s  t e m p e r a t u r e .  W i t h  a n  i n c r e a s e  i n  
t e m p e r a t u r e  o f  1 0  ,  t h e  o p t i m u m  p H  d r o p p e d  a  l i t t l e  o v e r  o n e  u n i t .  
T h e s e  g e n e r a l  t e n d e n c i e s  c o n t i n u e  f o r  t h e  c u l t u r e s  g r o w n  a t  5 0 ° C .  
A s  c a n  b e  s e e n  i n  F i g u r e  1 6 ,  t h e  o p t i m u m  p H  f o r  d r y  m a t t e r  a n d  p r o t e i n  
c o n t e n t  l o w e r e d  t o  a r o u n d  3 . 0 .  T h e  a m o u n t  o f  d r y  m a t t e r  a t  t h i s  t e m p e r a -
t u r e  g r e a t l y  d e c r e a s e d  a n d  t h e  a m o u n t  o f  p r o t e i n  w a s  a l m o s t  n e g l i g i b l e .  
T h e  o v e r a l l  c h a n g e s  i n  o p t i m u m  p H  w i t h  t e m p e r a t u r e  c a n  b e s t  b e  s e e n  
i n  F i g u r e  7 .  M a x i m u m  v a l u e s  o f  d r y  m a t t e r  a n d  p r Q t e i n  w e r e  p l o t t e d  v e r s u s  
t h e  o p t i m u m  8 H  a t  e a c h  t e m p e r a t u r e .  T h e  d r y  m a t t e r  a n d  p r o t e i n  yields~ere 
l o w e s t  a t  5 0  C  a n d  s t e a d i l y  i n c r e a s e d  w i t h  d e c r e a s i n g  t e m p e r a t u r e  t o  3 5  C .  
T h e  p r o t e i n  c o n t e n t  o f  t h e  d r y  m a t t e r  a t  t h i s  t e m p e r a t u r e  w a s  b e t w e e n  9  
a n d  1 0  p e r c e n t .  T h i s  w a s  n o t  u n e x p e c t e d  g i v e n  t h e  l o w  i n i t i a l  c o n c e n t r a -
t i o n s  o f  s u b s t r a t e .  
A l l  o f  t h e  s a m p l e s , w e r e  e x a m i n e d  f o r  o u t s i d e  c o n t a m i n a t i o n  a f t e r  t h e  7 2  
h o u r  g r o w i n g  p e r i o d .  A t  e a c h  o f  t h e  t h r e e  t e m p e r · a t u r e s ,  c u l t u r e s  g r o w n  a t  
p H ' s  l e s s  t h a n  4 . 0  w e r e  c o m p l e t e l y  f r e e  f r o m  infe~tion w h e n  t h e y  w e r e  i n -
s p e c t e d .  F o r  t h e  f u n g a l  s a m p l e s  g r o w n  a t  t h e  h i g h e r  p H ' s  o f  5  a n d  6 ,  o u t -
s i d e  g r o w t h  w a s  p r e s e n t  i n  a l l  s a m p l e s ,  b u t  i n  v a r y i n g  d e g r e e s .  A t  p H  6  
f o r  e x a m p l e ,  b a c t e r i a  w a s  a l w a y s  p r e s e n t  i n  s i g n i f i c a n t  a m o u n t s .  C o n s e -
q u e n t l y ,  t h e  g r o w t h  o f  A .  f u m i £ a t u s  w a s  l i m i t e d  i n  a l l  o f  t h e s e  s a m p l e s .  
T h e  s a m e  w a s  t r u e  f o r  p H  5  a t  h e  h i g h e r  t e m p e r a t u r e s .  T h e r m o p h i l i c  b a c -
t e r i a  w e r e  a b l e  t 8  g r o w  a t  a  m u c h  f a s t e r  r a t e  t h a n  t h e  a s p o r o g e n o u s  v a r i e t y  
o f  f u n g u s .  A t  3 5  C ,  however,~· f u m i g a t u s  u t i l i z e d  t h e  g r o w i n g  m e d t a  m u c h  
m o r e  e f f e c t i v e l y  a n d  o n l y  t r a c e  a m o u n t s  o f  b a c t e r i a  w e r e  p r e s e n t  i n  t h e  
s a m p l e s  t h a t  w e r e  h a r v e s t e d .  
~9 
Discussion 
The studies of the effects of pH and temperature conducted to date show 
that the conversion of carbohydrate to protein by~· fumigatus can be en-
hanced by lowering the fermentation temperature to 35°C. However, at higher 
Ph's where growth was optimal, aseptic operation was impossible because of 
potential infection from thermophilic bacteria. At pH's less than 4.0 this 
problem was alleviated and the overall yield of protein was still greater 
than that observed for corresponding samples at higher temperatures. This 
suggests that at the given conditions larger batch fermentations can be con-
ducted with improved protein yields and yet remain free from contamination by 
outside organisms. 
The conversion of carbohydrate to protein for these particular fer-
mentations was relatively low. The crude protein content of the product 
at the optimum temperature and pH was only about 9 to 10 percent. The 
crude protein content of ~· fumigatus was found to vary markedly by other 
experimenters depending on the growing conditions employed (7,12). In their 
experiments, Reade and Gregory found the mycelial· protein content to range 
from 18.5 to 60%. Hence, protein yields in future fermentations might be 
expected to approach those reported in the literature using increased concen-
trations of carbohydrate in the media. Future fermentations will be con-
ducted using an aerated 10 liter batch fermentor which should improve the 
overall efficiency of the organism .. 
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APPENDIX 
CELL PROTEIN EXTRACTION PROCEDURE 
1) 50-500 mg of dry matter weighed into test tube. 
2) 10 ml of 1 N NaOH added, tube placed in boiling water 
bath for 10 minutes. 
3) Contents centrifuged, supernatent decanted and collected. 
4) Step 2, repeated with 5 ml of 1 N NaOH. 
5) Step 3, repeated, supernatent combined. 
6) Step 2, repeated with 5 ml of water. 
7) Supernatents combined with 5 ml of water and entire con-
tents recentrifuged. 
8) Biuret method used to determine protein. 
61 
OS l" 
II 
, 0 
., 
6 
~ 
l. 
(11 
%. 
1-
...._ 
~ ,... 
..__ IJ) 
..... 
L-- L-- -.J 
..__ 
1- h 
.___ ~ 
s 
29 
63 
c) 
~ • ..t C"") I Ul ct '::;) ~ t 
• 
.... II) 
~ \ \ ~· 
-:r 
• ... 7' 
\ ::s: 0.. ul 01 ~ .J L&. 01 tiJ 
... 
• • .., ... ~ c ~ \ E VI .. '7 & ol t:J 0. . . .. 
• N 
~ 0 0 ~ 0 0 0 fl" .. ::r t>J 
-
c;w 
!! 
uJ 
... 
cr 
d 
t:J 
.,. 
\AI ~ 
0 
"' (!) & ol 4 ~ c.J ~ 
.J cJ) "2 
c 
-... '% 
0 uJ 
1- 0. 
"' ot (") 
~ ~ :) 0 
.!) 
-en u.. :t 
;1 I 
4 p 1-
c[) 0 
0 
-
,.., 
\ 
c.. ... 
"'" -G' 
.e 
-o ~ :X: 
"' 
z 
"' • I 
" 
. . 
N 
.,/; . 
I 
c.JI • 
v9 
... r;: .., 0 0 
• 
-0 
• 
\ 
• 
z. 
0 
.1. 
0 
~ 
Cit 
0 
C" _, ~ ~ 0 0 
• .. 
"t1~ ~ .(. 
(ft 3 
• z. J> 
\ 
.... 
.... 
IT' p 
• 
~ 
3 
"0 (fl 
1J 
~ 
c:;. 
~ 
.& 
~ 
('> 
• • 
~ d 
'P /() C7 ..... 
.... 
II\ 3 i. :1> 
.... 
.... 
IT' 
10 
65 
&00 
• ,. :~,·c. 
.. 
• 1 : "'"(. 
C\0 • l•5o"C. 
l>Q.'f ~t.ttE::R 
t~ ----- \>Q.o'tE::.,~ 
'JO 
• 
'0 
~ ~ "c. 
~ 
~ lo • 0 
~ 
1.0 
--· --
---
- -r 
--
... -~-
lO 
2. 3 5 .. 
P U R I F I C A T I O N  A N D  P R O P E R T I E S  O F  T I J O  V E R Y  S M A L L  X Y L A N A S E S  
I N T R O D U C T I O N  
C h i h - h e n  K i a n g  
D e p a r t m e n t  o f  C h e m i c a l  E n g i n e e r i n g  
I o w a  S t a t e  U n i v e r s i t y  
A m e s ,  I o w a  5 0 0 1 1  
W h e n  a  c r u d e  h e m i c e l l u l A s e  m i x t u r e  ( R o h m  a n d  H a a s  R h o z y m e  H P - 1 5 0  
C o n c e n t r a t e )  w a s  p a s s e d  t h r o u g h  a n  U l t r o g e l  A c A  5 4  g e l  p e r m e a t i o n  
c o l u m n ,  x y l a n a s e  a c t i v i t y  w a s  s e p a r a t e d  i n t o  s e v e r a l  s e g m e n t s .
1  
T h a t  s e g m e n t  t h a t  e x i t e d  t h e  c o l u m n  l a s t ,  a n d  t h e r e f o r e  c o n t a i n e d  
e n z y m e s  o f  l o w e s t  m o l e c u l a r  w e i g h t ,  w a s  d e s i g n a t e d  F r a c t i o n  C .  
T h i s  p a p e r  r e p o r t s  t h e  p u r i f i c a t i o n  a n d  p r o p e r t i e s  o f  t w o  p o r t i o n s  
o f  F r a c t i o n  C  s e p a r a t e d  b y  p a s s a g e  t h r o u g h  a n  S P - S e p h a d e x  c a t i o n  
e x c h a n g e  c o l u m n  a t  p H  4 . 5  a n d  d e s i g n a t e d  P o o l s  6  a n d  7 .  
M A T E R I A L S  A N D  M E T H O D S  
S u b s t r a t e  
A  m i l k y  s o l u t i o n  o f  a p p r o x i m a t e l y  1 %  s o l i d s  w a s  o b t a i n e d  b y  
d i s s o l v i n g  2 %  S i g m a  X 3 8 7 5  l a r c h w o o d  x y l a n  ( L o t  6 2 C - 2 8 2 0 )  i n  d e i o n i z e d  
w a t e r  a t  r o o m  t e m p e r a t u r e  a n d  c e n t r i f u g i n g  o u t  t h e  u n d i s s o l v e d  m a t e r i a l  
a t  6 0 0 0  r p m  w i t h  a  G S A  r o t o r  i n  a  S o r v a l l  R C - 5  c e n t r i f u g e .  
X y l a n a s e  A s s a y  
A n  a s s a y  f o r  x y l a n a s e  a c t i v i t y  r e q u i r e d  t h e  u s e  o f  t h e  S o m o g y i -
N e l s o n  t e c h n i q u e  f o r  r e d u c i n g  sugars.~ T o  1 . 5  m l  o f  0 . 0 7 5 M  a c e t a t e  
b u f f e r  a t  p H  4 . 8  w a s  a d d e d  0 . 1 - 0 . 2  m l  x y l a n a s e  s o l u t i o n  a n d  0 . 5  m l  
o f  1 %  l a r c h w o o d  x y l a n  s o l u t i o n .  T h e  m i x t u r e  w a s  i n c u b a t e d  f o r  2 0  m i n  
a t  4 0 ° C .  A f t e r  a d d i n g  2  m l  o f  S o m o g y i ' s  r e a g e n t ,  t h e  s o l u t i o n  w a s  
h e l d  a t  1 0 0 ° C  f o r  2 0  m i n .  A f t e r  i t  w a s  c o o l e d  f o r  5  m i n  t o  1 5 ° C ,  
2  m l  o f  N e l s o n ' s  r e a g e n t  w a s  a d d e d .  A f t e r  s t a n d i n g  f o r  a p p r o x i m a t e l y  
1  h r ,  t h e  a b s o r b a n c e  a t  5 0 0  w a s  d e t e r m i n e d  w i t h  a  1  e m  p a t h  l e n g t h  
c u v e t t e .  O n e  u n i t  ( U )  w a s  t h e  a m o u n t  o f  e n z y m e  t h a t  l i b e r a t e d  1  
~mol o f  r e d u c i n g  s u g a r  i n  1  m i n  u n d e r  t h e  c o n d i t i o n s  o f  t h e  a s s a y .  
P r o t e i n  D e t e r m i n a t i o n  
P r o t e i n  w a s  d e t e r m i n e d  b y  m e a s u r i n g  t h e  a b s o r p t i o n  a t  2 8 0  n m  
o f  a  s a m p l e  w i t h  a  B e c k m a n  D U  s p e c t r o p h o t o m e t e r  m o d i f i e d  w i t h  a  G i l s o n  
M o d e l  2 5 2  u p d a t e  s y s t e m  a n d  u s i n g  a  1  e m  c u v e t t e ,  ~r b y  u s e  o f  t h e  
B i o - R a d  p r o t e i n  a s s a y ,  b a s e d  o n  B r a d f o r d ' s  m e t h o d .  
6 6  
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Liquid Chromatography 
Products of enzymic reaction were determined with a Waters ALC 201 
liquid chromatograph equipped with a 3/8 in. i.d., 22 in. long column 
packed with Aminex 50W-X4 in the ca2+ form, through which 0.5 ml/min 
0 0 
water was pumped at 80 C. The refractometer opics were held at 30 C. 
RESULTS 
Purification of Pools 6 and 7 
A 2100 ml sample of Fraction C from a number of Ultrogel ACA 54 
runs was introduced to a 550 ml SP-Sephadex C-25 column of 3.3 em i.d. 
and 60 em length. The column was eluted with 0.5 ml/min 0.025M sodium 
acetate buffer at pH 4.5, with a gradient constructed on the high 
side of 0.35M NaCl. The elution pattern was similar to that obtained 
earlier (Fig. 1). 
The heart cut of Pool 6, containing 220 ml, and Pool 7, of the 
same size, were concentrated by vacuum evaporation at room temperature 
to 21 ml and 16 ml, respectively. Samples of 15 ml were introduced to 
separate 2.2 em i.d., 140 em high Sephadex G-50 Superfine columns of 
520 ml. They were eluted with 0.225 ml/min of 0.03M citrate buffer, 
pH 5.15, containing 0.0415M NaCl (Fig. 2). 
Each pool was desalted by passage through a 1.6 em i.d., 100 em 
high Sephadex G-25 column, eluted with 0.2 ml/min of the same buffer, 
minus NaCl. Next, 66 ml of Pool 7 was introduced to a 50 ml buret 
containing 50 ml of SP-Sephadex C-25, and was eluted with 0.5 m./min of 
0.025M sodium acetate buffer, pH 4.5, with a NaCl gradient containing 
0.35M NaCl on the high side. 
The purification of Pool 7 is summarized in Table 1. Preliminary 
isoelectric focusing experiments have indicated that this material is 
approaching homogeneity. 
Physical Properties of Purified Pools 6 and 7 
Earlier samples of Pools 6 and 7, purified through the Sephadex 
G-50 step, were used to determine enzyme properties. 
A sample of 
extent as normal 
shown in Fig. 3, 
0. 035M phosphate. 
pH 7.5 and 8.9. 
Pool 7, purified by Ultrogel AcA 54 to the same 
with Sephadex G-50, had the pH-activity curve at 30°C 
using 0.035M citrate buffer from pH 2.75 to pH 5.75, 
between pH 5.75 and 7.75, and 0.035M borate between 
All ionic strengths were adjusted to 0.05M with NaCl. 
Activities of purified Pools 6 and 7 were affected by temperatures 
as shown in Fig. 4. The samples were incubated in 0.035M citrate buffer 
of pH 5.15 for 20 min. 
0 Purified Pool 7 exhibited first-order decay at 60 C and varying 
pH's in 0.02SM sodium acetate buffer. Half-lives at these pH's are 
6 8  
s h o w n  i n  F i g .  5  ( r a n g e s  i n d i c a t e  9 5 %  c o n f i d e n c e  l i m i t s ) .  A f t e r  p r o l o n g e d  
i n c u b a t i o n ,  s o m e  s a m p l e s  d e c a y e d  a t  a  l o w e r  f i r s t  o r d e r  r a t e ,  n o t  s h o w n  
o n  t h i s  t a b l e .  T h e  o p t i m u m  p H  f o r  s t a b i l i t y  w a s  a b o v e  5 .  
A  n u m b e r  o f  e n z y m e  s t a n d a r d s  w e r e  e m p l o y e d  h e r e  f o r  e s t i m a t i n g  
t h e  m o l e c u l a r  wei~1ts o f  P o o l s  6  a n d  7 .  S a m p l e s  o f  5  r n g  o f  e a c h  
s t a n d a r d ,  a s  w e l l  a s  5  m l  o f  c o n c e n t r a t e d  P o o l s  6  a n d  7 ,  w e r e  i n t r o -
d u c e d  s e p a r a t e l y  t o  a  1 . 5  x  1 0 7  e r n  U l t r o g e l  A c A  5 4  c o l u m n  a n d  e l u t e d  
w i t h  0 . 1 5  r n l / r n i n  o f  0 . 0 3 M  c i t r a t e  b u f f e r ,  p H  5 . 1 3 ,  w i t h  0 . 0 5 M  N a C l  
a d d e d .  P o o l s  6  a n d  7  w e r e  e l u t e d  a t  h i g h e r  v o l u m e s  t h a n  a n y  o f  t h e  
s t a n d a r d s ;  b y  e x t r a p o l a t i n g  t h e  s t r a i g h t  l i n e  f o r m e d  o n  a  ln(~v) v s .  
K  p l o t ,  t h e  m o l e c u l a r  w e i g h t s  o f  P o o l s  6  a n d  7  w e r e  e s t i m a t e d  t o  b e  
a p p r o x i m a t e l y  1 1 , 0 0 0  d a l t o n s  a n d  7 , 0 0 0  d a l t o n s ,  r e s p e c t i v e l y .  
S p e c i f i c i t y  a n d  D e g r a d a t i o n  P a t t e r n s  o f  P u r i f i e d  P o o l s  6  a n d  7  
Y e a s t  r n a n n a n ,  d e x t r i n ,  d e x t r a n ,  l a r n i n a r i n ,  a r a b i n o g a l a c t a n ,  
p e c t i n ,  p o l y g a l a c t u r o n i c  a c i d ,  a n d  e M - c e l l u l o s e ,  a s  w e l l  a s  x y l o t e t r a o s e ,  
w e r e  n o t  d e g r a d e d  b y  e i t h e r  P o o l  6  o r  7 ,  w h e r e a s  t h e  e n z y m e s  w e r e  
e q u a l l y  a c t i v e  o n  t w o  l a r c h w o o d  x y l a n  p r e p a r a t i o n s .  
P u r i f i e d  P o o l s  6  a n d  7  w e r e  e a c h  i n c u b a t e d  f o r  4  d a y s  a t  3 2 ° C  
a n d  p H  4 . 7  ( f o r  P o o l  6 )  o r  p H  5 · . 7  ( f o r  P o o l  7 )  u n d e r  s h a k i n g  w i t h  
s a m p l e s  o f  s o l u b l e  a n d  i n s o l u b l e  l a r c h w o o d  x y l a n .  T h e  l a t t e r  p r e v i o u s l y  
h a d  b e e n  r e a c t e d  w i t h  a  m i x t u r e  o f  F r a c t i o n  C  e n z y m e s  a n d  t h e n  d r i e d .  
H i g h  p r e s s u r e  l i q u i d  c h r o m a t o g r a p h y  s h o w e d  t h a t  b o t h  p o o l s  p r o d u c e d  
a l m o s t  n o  x y l o s e  b u t  s i g n i f i c a n t  a m o u n t s  o f  x y l o b i o s e  t h r o u g h  
x y l o t e t r a o s e ,  a n d  d e g r a d e d  i n s o l u b l e  x y l a n  m u c h  m o r e  c o m p l e t e l y  
t h a n  s o l u b l e  x y l a n  ( F i g s .  6  a n d  7 ) .  P o o l  7  w a s  s o m e w h a t  m o r e  e f f e c t i v e  
i n  u t i l i z i n g  i n s o l u b l e  x y l a n  t h a n  P o o l  6  b u t  o t h e r w i s e  t h e  t w o  p o o l s  
b e h a v e d  a l m o s t  i d e n t i c a l l y .  
D I S C U S S I O N  
I t  i s  a p p a r e n t  t h a t  t h e  x y l a n a s e s  i n  P o o l  6  a r e  v e r y  s i m i l a r  i n  
s p e c i f i c i t y  t o  t h e  o n e  x y l a n a s e  t h a t  m a k e s  u p  P o o l  7 .  H o w e v e r ,  P o o l  7  
i s  m o r e  s t a b l e  a n d  h a s  a  h i g h e r  o p t i m u m  p H  f o r  a c t i v i t y .  P r e l i m i n a r y  
r e s u l t s  s u g g e s t  t h a t  b o t h  p o o l s  c o n s i s t  o f  e n d o - h y d r o l a s e s ,  s i n c e  
l i t t l e  i f  a n y  x y l o s e  i s  p r o d u c e d  a n d  x y l o t e t r a o s e  i s  n o t  h y d r o l y z e d .  
I t  m a y  w e l l  b e  t h a t  t h e  i n s o l u b l e  x y l a n  i s  m o r e  e a s i l y  h y d r o l y z e d  
b y  b o t h  p o o l s  b e c a u s e  i t  i s  l e s s  b r a n c h e d .  H o w e v e r ,  a - a m y l a s e ,  a n  
e n d o - h y d r o l a s e ,  i s  a b l e  t o  b y p a s s  b r a n c h e s ,  s o  p r o o f  o f  t h i s  e x p l a n a t i o n  
a w a i t s  f u r t h e r  r e s e a r c h .  
T h e  v e r y  l o w  m o l e c u l a r  w e i g h t s  f o r  b o t h  p o o l s ,  e s p e c i a l l y  P o o l  7 ,  
i s  n o t e w o r t h y  b u t  n o t  y e t  c o n f i r m e d .  A l t h o u g h  U l t r o g e l  A c A  5 4  c h r o m a t o -
g r a p h y  o f  t h e  t w o  p o o l s  l e a d s  t o  d i f f e r e n t  e l u t i o n  v o l u m e s ,  S e p h a d e x  
G - 5 0  c h r o m a t o g r a p h y  d o e s  n o t .  A s  y e t ,  n o  p r o t e i n s  o f  m o l e c u l a r  
w e i g h t s  l o w e r  t h a n  t h e  x y l a n a s e s  h a v e  b e e n  c h r o m a t o g r a p h e d  a s  s t a n d a r d s ,  
s o  m o l e c u l a r  w e i g h t  a s s i g n m e n t s  a r e  t e n t a t i v e .  P r o o f  o f  t h e s e  v a l u e s  
w i l l  b e  s o u g h t  b y  u l t r a c e n t r i f u g a t i o n  e x p e r i m e n t s .  
----------------· -·--
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T e s t i n g  M e c h a n i s t i c  M o d e l s  f o r  C e l l u l o s e  
E n z y m a t i c  H y d r o l y s i s  
L i n - C h a n g  C h i a n g  
D e p a r t m e n t  o f  C h e m i c a l  E n g i n e e r i n g  
U n i v e r s i t y  o f  M i s s o u r i  
C o l u m b i a ,  M O  6 5 2 1 1  
S u m m a r y  
S e v e r a l  m e c h a n i s t i c  m o d e l s  f o r  t h e  e n z y m a t i c  h y d r o l y s i s  o f  c e l l u l o s e  
w e r e  t e s t e d .  N o n e  w a s  f o u n d  c a p a b l e  o f  g o o d  p r e d i c t i o n  o f  t h e  e x t e n t  o f  
e n z y m a t i c  d i g e s t i o n  w h e n  c o m p a r e d  w i t h  e x p e r i m e n t a l  d a t a .  T h e  c o m p l e x  
m e c h a n i s m  i n v o l v e d  i n  t h e  c e l l u l a s e / c e l l u l o s e  s y s t e m  i n t e r a c t i o n  i s  d i s -
c u s s e d  w i t h  p a r t i c u l a r  r e f e r e n c e  t o  t h e  i n a p p l i c a b i l i t y  o f  e x i s t i n g  m o d e l s .  
I n t r o d u c t i o n  
T h e  p r o d u c t i o n  o f  f u e l ,  c h e m i c a l s ,  a n d  n u t r i e n t s  v i a  e n z y m a t i c  s a c c h a r i -
f i c a t i o n  o f  c e l l u l o s i c  w a s t e s  h a s  b e e n  o f  g r e a t  i n t e r e s t  d u e  t o  r e a l  a n d  p r e -
d i c t e d  s h o r t a g e s  i n  f o s s i l  s o u r c e  r a w  m a t e r i a l s .  S i n c e  e c o n o m i c  f a c t o r s  i n  
t h e  a s s e s s m e n t  o f  v a r i o u s  c e l l u l o s i c  s u b s t r a t e s  a s  c h e m i c a l  a n d  e n e r g y  r e -
s o u r c e s  a r e  c o m p l e x ,  i t  i s  n e c e s s a r y  t h a t  c r i t e r i a  b e  d e v e l o p e d  t o  e v a l u a t e  
t h e  s u i t a b i l i t y  o f  v a r i o u s  c e l l u l o s i c  m a t e r i a l s  f o r  u s e  i n  t h e s e  p r o c e s s e s .  
T h e  m o d e l s  w h i c h  d e s c r i b e  t h e  d y n a m i c  b e h a v i o r  o f  t h e  c e l l u l a s e / c e l l u l o s e  
s y s t e m  i n  a  b a t c h  r e a c t o r ,  a n d  a r e  t h u s  r e q u i r e d  f o r  t h e  p r e d i c t i o n  o f  t h e  
s t e a d y - s t a t e  e x t e n t  o f  h y d r o l y s i s  o f  c e l l u l o s i c s ,  a r e  o n e  o f  t h e  m o s t  e s -
s e n t i a l  c r i t e r i a  t o  b e  c o n s i d e r e d .  
T h e  d i f f i c u l t i e s  o f  m o d e l i n g  t h e  c e l l u l a s e / c e l l u l o s e  s y s t e m  a r i s e  b e -
c a u s e  o f  t h e  m u l t i p l i c i t y  o f  t h e  c e l l u l o l y t i c  e n z y m e  s y s t e m ,  a n d  a r e  f u r t h e r  
c o m p l i c a t e d  b y  t h e  h e t e r o g e n e o u s  n a t u r e  o f  c e l l u l o s i c  m a t e r i a l s .  T h e  m o d e  
o f  a c t i o n  o f  c e l l u l a s e  o n  c e l l u l o s e  m a y  c o n s t i t u t e  s e v e r a l  s t e p s  f o r  e a c h  i n -
d i v i d u a l  e n z y m e  c o m p o n e n t .  I n  t h e  e n z y m e  s y s t e m  o f  T r i c h o d e r m a  v i r i d e ,  
f o u r  c a t e g o r i e s  o f  e n z y m e  c o m p o n e n t s  h a v e  b e e n  f o u n d  i n c l u d i n g ;  E n d o - 9 - 1 ,  
4 - g l u c o s i d a s e .  T h e  i n d i v i d u a l  r o l e s  o f  e a c h  i n  h y d r o l y s i s  h a s  b e e n  s u m m a r i -
z e d  b y  F a n l  e t  a l .  C o n s i d e r i n g  a l l  o f  t h e  p o s s i b l e  s t e p s  i n v o l v i n g  m a s s  
t r a n s f e r ,  s u r r a c e  r e a c t i o n ,  e n z y m e  i n h i b i t i o n ,  a n d  e n z y m e  d e a c t i v a t i o n ,  t h e  
d i a g r a m m a t i c  p r e s e n t a t i o n  o f  t h e  m o d e  o f  a c t i o n  o f  t h e  T .  v i r i d e  c e l l u l a s e /  
c e l l u l o s e  s y s t e m  m a y  b e  repres~nted a s  i n  F i g u r e  1 .  T a b l e  1  g i v e s  a  b r i e f  
d e s c r i p t i o n  f o r  e a c h  s t e p .  
A t t e m p t s  h a v e  b e e n  m a d e  t o  m o d e l  t h e  c e l l u l a s e / c e l l u l o s e  s y s t e m  w i t h  
t h e  a s s u m p t i o n  o f  o n e  o r  s e v e r a l  o f  t h e s e  s t e p s  a s  b e i n g  c o n t r o l l i n g .  T h i s  
p a p e r  a n a l y z e s  s o m e  e x i s t i n g  m e c h a n i s t i c  m o d e l s  a n d  c o m p a r e s  t h e i r  a p p l i c a -
b i l i t i e s  w i t h  e x p e r i m e n t a l  d a t a  o b t a i n e d  i n  b a t c h  r e a c t i o n s .  
7 8  
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Mechanistic Models 
MICHAELIS-MENTEN MODEL 
The Michaelis-Menten kinetic model is the simplest and most widely used 
form for any simple, rapid equilibrium, enzymatic reaction. The form: 
was derived with an assumption of pseudo-steady state concentration of the 
enzyme-substrate complex based on the equation: 
K K 
s+E - 1 E5 -
2
- E+P 
K_l 
The integration of the Michaelis-Menten equation gives: 
S -S 
Introducing the dimensionless group, DMD = ~ , the equation becomes 
0 
This model may be of limited use when the ratio of substrate to 
enzyme is high enough to achieve rapid equilibrium between enzyme and 
enzyme-substrate complex. This usually occurs at the initial stage of a 
hydrolytic reaction. At a late stage the complete formation of the sub-
strate-enzyme complex gives first order kinetics. 
HUANG 1 S MODEL2 
The derivation of this kinetic model was based on the assumption that 
the enzyme is rapidly absorbed on the cellulose to form an enzyme-substrate 
complex which irreversibly proceeds to yield products. Subsequently the 
products then reversibly combine with the enzyme to form an inactive com-
plex. The reaction scheme can be depicted as: 
a n d ,  
K  K  K  
E + S  - -
1
- - E S  - -
2
- - E + P  - -
3
- - E P  
K _
1  
K _
3  
E S  _  K l  E  
E S m a x  - 1  + K  l E  
8 0  
I n  t h e  c a s e  o f  a  s t e a d y - s t a t e  c o n c e n t r a t i o n  o f  t h e  e n z y m e - p r o d u c t  c o m -
~~p =  0  a n d  w i t h  a  l o w  i n i t i a l  c o n c e n t r a t i o n  o f  e n z y m e :  
e q u a t i o n  c a n  b e  i n t e g r a t e d  t o  f o r m :  
E S m a x > > E S .  T h e  r a t e  
- ( E S m a x K l - K 3 )  l + K l E o  +  K 3 S o  
t  - S o  K  E S  K  - E - O M O  - K  E S  - K  - - E - l n  (  1 - D M D )  
2  m a x  1  o  2  m a x  1  o  
T h e  c o n f l i c t i n g  a s s u m p t i o n s  o f  t h i s  m o d e l  l i m i t s  i t s  u s e .  A t  t h e  e a r l y  
s t a g e  o f  t h e  r e a c t i o n  t h e  f a s t  r e l e a s e  o f  p r o d u c t  i n v a l i d a t e s  t h e  a s s u m p t i o n  
o f  s t e a d y - s t a t e  c o n c e n t r a t i o n  o f  e n z y m e - p r o d u c t  c o m p l e x .  
H O W E L L  e t  a 1 .
3  
M O D E L  
T h e  m a i n  a s s u m p t i o n  o f  t h e  m o d e l  i s  t h a t  t h e  e n z y m e  s y s t e m  i s  d e f i c i e n t  
i n  ~-glucosidase a n d ,  t h e r e f o r e ,  t h e  p r e d o m i n a t i n g  e n d  p r o d u c t  w i l l  b e  c e l -
l o b i o s e ,  a n d  s o  p r o d u c t  i n h i b i t i o n  i s  s i g n i f i c a n t .  T h e  r e s u l t i n g  r e a c t i o n  
s c h e m e s  a r e :  
K l  K 2  
P
2  
+  E  = = =  E P
2  
E + P
2  
K _ l  
K 3  
E  +  P  - - - - E P  
2  K  2  
- 3  
C o m p e t i t i v e  i n h i b i t i o n  
K 3  
o r  E P
2  
+  P
2  
- - E P
2
P
2  
K _ 3  
N o n - c o m p e t i t i v e  i n h i b i t i o n  
T h e  a p p l i c a t i o n  o f  t h e  p s e u d o - s t e a d y  s t a t e  a s s u m p t i o n  t o  t h e  e n z y m e  
c o m p l e x e s  y i e l d s  t h e  f o l l o w i n g  e q u a t i o n s :  
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K DMD S0 Ks s 1 t = (1 -~)--.-+a-(1 + ~) 1 n { k-01•10) competitive i K2 Eo K2 o K. inhibition 1 
Ks S D~1D S 2DMD2 Ks so 0 + 0 ln ( 1-D~m) or t = (1 - -) - -- (1 + --) non-competitive K; K2Eo 2K/2E0 K2Eo K. 1 inhibition 
The hydrolysis of cellobiose by ~-glucosidase at a late stage leads to 
limited use of the model. 
KIM'S MODEL 
With assumptions of hi-composition of cellulose, hi-components of cellu-
lase, fixed proportionality between amount of cellulase absorbed and con-
centration of cellulose, product inhibition, and enzyme deactivation, a more 
complicated model was proposed by Kim5 according to the following kinetic 
schemes: 
a) Complex formation, Decomposition 
b) Inhibition 
K 
SE +P-6 SEP 
c c K c c 
-6 
c )  E n z y m e  D e a c t i v a t i o n  
K 7  
E A  ( E A )  d e a c t i v a t e d  
K 7  
E c  ( E c )  d e a c t i v a t e d  
8 2  
C o m p u t e r  s i m u l a t i o n  m a y  b e  u s e d  f o r  s o l v i n g  t h i s  m o d e l ,  h o w e v e r  t h e  
l a c k  o f  a n  o p t i m i z a t i o n  m e t h o d  f o r  d e t e r m i n i n g  r a t e  c o n s t a n t s  m a k e s  a n  
u n f a i r  c o m p a r i s o n  b e t w e e n  e x p e r i m e n t a l  v a l u e s  a n d  p r e d i c t e d  v a l u e s .  
L E E  e t  a l .  M O D E L  
·  T h i s  m o d 7 l  e x t e n d s  t h e  E n d o  e x o  g l u c a n a s e  b i - c o m p o n e n t  m o d e l  p r o p o s e d  
b y  S u g a  e t  a l  w i t h  a n  a d d i t i o n  o f  c e l l o b i o h y d r o l a s e  a n d  8 - g l u c o s i d a s e .  U s -
i n g  a  q u a s i : S t e a d y  s t a t e  a p p r o x i m a t i o n  a n d  a  s u m m a t i o n  p r o c e d u r e  t h e  f o l l o w -
i n g  e q u a t i o n s  a r e  o b t a i n e d  f o r  t h e  r a t e  o f  c h a n g e  o f  s u b s t r a t e s  a c c o r d i n g  t o  
t h e i r  d e g r e e  o f  p o l y m e r i z a t i o n .  
d P  
- =  
d t  
d P
2  
d ' t "  =  
C I O  
K 2 E o . E  S j  K  E  p  
( 2  J = 2  )  +  ( 2  2  0  2  
K M +  E  ( i - l ) S .  E n d  K M +  ' f  S .  
i = 2  J  i = 2  
1  
C I O  
·  K  E  E  S .  
K
2
E  P
2  
2  o  . _
3  
J  
C I O  
K
2
E  E  S .  
0 .  3  1  
+  1  =  )  
0 >  
K  +  E  S  ·  E x o  
M  i = 2  1  
K
2
E  s
3  
+  ( - - - - c ; ; - )  
K .
1
+  E  S .  
j \  i  = 3  
1  
K 2 E o P 2 )  
+  (
2  
r c ; - + P 2  B G  
K 2 E o P 2  K 2 E O S 3  
( - 0  +  2  J - )  
K M +  . E  ( i - l ) S i  K M +  . ' f  ( i - l ) S i  E n d  
1 = 2  1 = 2  
( - - - - - c o  )  
K M  +  !  S  .  K M  +  E  S  i  E x o  
.  i = 2  
1  
i = 2  
K 2 E o S 3  K 2 E o S 4  
+  (  - - - +  2  +  
( X )  c o  
K M +  E  S  .  K M +  E  S  .  
i  = 3  
1  
i  = 3  
1  
C I O  
K
2
E
0  
.  E  S ;  
~=5 )  
K M +  .  E  S i  C H  
. 1 = 3  
K 2 E o P 2  )  
( K  +  P 2  B G  
M  
K2E S. ( 0 1 
KM+ E s1 1=3 
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This model can be solved numerically if the initial distribution of the 
degree of polymerization of cellulose is known. The comparison of experi-
mental values and predicted values is again made impossible without a proper 
optimization method for constants which appear in this model. 
Materials and Methods 
SUBSTRATE AND ENZYME 
Whatman No. 1 filter paper, unused newsprint, and a standard forage were 
ground to pass through0 a 40-mesh screen with a Wiley mill. The substrates were oven dried at 100 C for 24 hrs and stored in a dessicator. Enzyme pro-
duced in submerged fermentation using a mutant of T. viride (QM9123) was 
generously provided by U.S. Army Natick Laboratories. 
Enzymatic Hydrolysis 
Hydrolysis studies according to the technique of Huang4 were carried out 
at 50 C in 16xl25 mm culture test tubes filled with the desired amount of 
substrate. Three milliliters of 0.05 M citrate buffer (pH=4.8) was added 
in each tube to allow wetting of the substrate. Enzyme solution was pre-
pared immediately before use by dissolving the powder in the buffer in an ice 
bath and then filtering through a glass Gooch-type crucible. Two mililiters 
of this solution was added to the tube contents. The dry matter digestibility 
(DMD) of the substrates was determined by measuring the weight loss of the 
solids after a specific elapsed time. The solubilities of the substrates in 
citrate buffer were determined simultaneously by adding citrate buffer equal 
to the amount of enzyme solution in the hydrolysis tubes. The growth of 
organisms was inhibited by the addition of 0.1% merthiolate in the buffer. 
Optimization Techniques for Model Parameters 
A computer program was written to determine optimal parameters for the 
rate equations, generalized as: 
T h e  e x p r e s s i o n  o f  t h e  f u n c t i o n  t o  b e  m i n i m i z e d  i s :  
w h e r e  
p  
n  2  
v
2  
=  E  [ Q { D M D - D M D ) ]  
n : : : l  e x p  p r e d  
8 4  
- 1  n  a  a  
Q  •  ~ l  [  d D M D  ( 0 :
1
D  c x p  - D M D p r e d ) R D M D  +  a E
0  
( D M D  e x p  - D f l D p r o d ) R E
0  
a  a  ·  
+  - - a t  { D M D  - D M D P  d ) R t  +  ~S ( D M D  - D M D  d ) R S  ]  
e x p  r e  a  
0  
e x p  p r e  
0  
n  =  n o .  o f  e x p e r i m e n t a l  v a l u e s  
R  =  e r r o r  o f  i n d e p e n d e n t  p a r a m e t e r s  
R e s u l t s  
D r y  m a t t e r  d i s a p p e a r a n c e  o f  f i l t e r  p a p e r ,  n e w s p r i n t ,  a n d  f o r a g e  w e r e  
d e t e r m i n e d  w i t h  d i f f e r e n t  i n i t i a l  s u b s t r a t e  a n d  e n z y m e  c o n c e n t r a t i o n s  a t  
s e v e r a l  t i m e  i n t e r v a l s ,  a n d  t h i s  d a t a  w a s  r e d u c e d  b y  e x c l u d i n g  t h e  i n i t i a l  
s o l u b i l i t y  o f  t h e  s u b s t r a t e  i n  t h e  c i t r a t e  b u f f e r .  T h e  r e s u l t i n g  d a t a  a r e  
s h o w n  i n  T a b l e  2 .  
T h e  c l o s e  i n i t i a l  g u e s s i n g  o f  t h e  p a r a m e t e r s  o f  t h e  r a t e  e q u a t i o n s  i s  
e s s e n t i a l  i n  t h e  o p t i m i z a t i o n  m e t h o d .  M a t h e m a t i c a l  a n d  g r a p h - p l o t t i n g  
m e t h o d s  w e r e  u s e d .  W i t h  t h e  m a t h e m a t i c a l  a p p r o a c h ,  t h e  i n i t i a l  p a r a m e t e r s  
w e r e  a v e r a g e d  w i t h  t h e  p a r a m e t e r s  c a l c u l a t e d  f r o m  t h e  e x p e r i m e n t a l  d a t a .  
W i t h  t h e  g r a p h - p l o t t i n g  a p p r o a c h ,  t h e  p a r a m e t e r s  w e r e  o b t a i n e d  f r o m  t h e  i n -
S  D M D  ·  
t e r c e p t  a n d  s l o p e  o f  t h e  p l o t  o f - - ; - - v s  {  l n  ( 1 - D M D )  b y  u s i n g  a  l e a s t -
s q u a r e s  l i n e a r  r e g r e s s i o n .  T h e  h i g h l y  s i g n i f i c a n t  c o r r e l a t i o n  w a s  f o u n d  a s  
s h o w n  i n  T a b l e  3 .  H o w e v e r ,  t h e  r e l a t i v e  v a l u e  o f  {  l n  ( 1 - D M D )  f o r  t h e  d a t a  
p o i n t s  w i t h  l o n g e r  d i g e s t i o n  t i m e s ,  w h i c h  a r e  o f  p r i m a r y  i m p o r t a n c e  i n  t h e  
e v a l u a t i o n  o f  c e l l u l o s i c  m a t e r i a l s ,  w e r e  s h o w n  t o  b e  l e s s  s e n s i t i v e  i n  t h e  
p l o t .  
W h e n  t e s t i n g  t h e  M i c h a e l i s - M e n t e n  m o d e l ,  t h e  p r e d i c t i v e  c a p a c i t y  w a s  
f o u n d ,  a s  e x p e c t e d ,  t o  b e  v e r y  p o o r .  T h e  c u r v e s  s h o w n  i n  F i g u r e s  2 , 3 , 4 , 5 , 6 ,  
7  w e r e  c a l c u l a t e d  b y  t h e  r a t e  e q u a t i o n s  w i t h  o p t i m a l  p a r a m e t e r s .  W h e n  c o m -
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paring the experimental data with the predicted values calculated from Huang's 
model better results were noted as shown in Figures 2,3,4,5,6,7. The com-
parison between theoretical values and experimental values was also made for 
the Howell et al. Model and shown in Figures 2,3,4,5,6,7. None of these 
models gave-a satisfactory result. Table 4 compared the relative values of 
the minimized function of errors for these models. 
Discussion 
From the comparison of the experimental data with the predicted values 
of the models tested, the Michaelis-Menten-form models, even with the addi-
tion of aspects of adsorption, inhibition, and use of a single governing 
enzyme, were demonstrated incapable of predicting the kinetics of dry mat-
ter disappearance of various cellulose containing materials. This may be 
due ·to the effects of other mechanism steps, nonhomogenity of the enzyme 
system and physical barriers on the cellulose surface which protect against 
cellulase adsorption. 
Mechanistic models with larger numbers of differential equations, as 
those proposed by Kim5 and Lee6, involve more mechanism steps and are thought 
to better describe the overall reaction rate of the enzymic hydrolysis of 
cellulosics. However, no suitable mathematical optimization technique has 
been developed to obtain optimal model parameters, although the initial rate 
and steady state kinetics may allow an initial guess of some of the para-
meters. Experimental determination of individual parameters may be possible 
in certain cases, but even this is complicated by the instability of the 
enzyme, synergistic effects of enzyme components and differing physical 
structure of various cellulosics. 
Improvement of mechanistic models may be achieved by combining the mathe-
matical forms represented for each step to account for the action of each of 
the. components in the cellulase system, and for the nonhomogeneity of the 
substrate. Better computational techniques are thus needed to obtain exact 
solutions and optimization of the rate constants. Better data for rate con-
stants are then required to confirm the optimized values. 
The value of an empirical model for cellulose enzymatic hydrolysis in-
creases due to the difficulties in the development of mechanistic models. 
The current optimization techniques allow much better fits between experi-
mental values and predicted values when empirical models are used. A care-
ful selection of mathematic forms with reasonable boundary conditions may 
give a satisfactory prediction of the steady-state concentrations of pro-
duct and substrate in a continuous stirred hydrolytic reactors. 
Nomenclature 
p: product, glucose 
Km: Michaelis-Menten constant 
E: Enzyme 
S :  
E S :  
s  .  
o ·  
D M D :  
. t :  
E P :  
P 2 :  
E P
2
:  
E P l 2 :  
K s :  
K ; :  
s . :  
1  
S u b s t r a t e  
E n z y m e - s u b s t r a t e  c o m p l e x  
I n i t i a l  c o n c e n t r a t i o n  o f  s u b s t r a t e  
S  - S  
D r y  m a t t e r  d i  s a p p e a r a n c c ,  - 1 -
o  
T i m e  
E n z y m e - p r o d u c t  c o m p l e x  
C e l l o b i o s e  
E n z y m e - c e l l o b i o s e  c o m p l e x  
E n z y m e - c e l l o b i o s e - c e l l o b i o s e  c o m p l e x  
D i s s o c i a t i o n  c o n s t a n t  f o r  t h e  E S ·  
D i s s o c i a t i o n  c o n s t a n t  f o r  t h e  E P
2  
o r  E P
2
P
2  
S u b s t r a t e  w i t h  i t h  d e g r e e  o f  p o l y m e r i z a t i o n  
8 6  
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1 2  R e a c t i o n  o f  c e l l o b i o s e  w i t h  B - g l u c o s i d a s e  t o  f o r m  g l u c o s e  
1 3  
1 4  
1 5  
1 6  
1 7  
1 8  
D e a c t i v a t i o n  o f  E n d o g l u c a n a s e  
D e a c t i v a t i o n  o f  E x o g l u c a n a s e  
D e a c t i v a t i o n  o f  c e l l o b i o h y d r o l a s e  
D e a c t i v a t i o n  o f  B - g l u c o s i d a s e  
I n h i b i t i o n  o f  E n d o g l u c a n a s e  
I n h i b i t i o n  o f  E x o g l u c a n a s e  
1 9  I n h i b i t i o n  o f  c e l l o b i o h y d r o l a s e  
2 0  I n h i b i t i o n  o f  ~-glucosidase 
•  
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Table 2. Reduced Dry Mattsr Disappearancea vs. Time of ~rhree Substrates 
at Various Conditions 
Filter Paner 
S0 (g/1) B0 (g/1) 
10 
25 
100 
50 
50 
50 
Newsprint 
10 
25 
100 
50 
50 
50 
Forage 
10 
?5 
100 
50 
50 
50 
10 
10 
10 
5 
20 
50 
10 
10 
10 
5 
20 
50 
10 
10 
10 
5 
20 
50 
Time (hr) 
1 6 24 48 72 96 120 
4.75 14.08 30.70 42.17 48.46 51.99 53.63 
3.15 11.58 23.28 32.97 38.55 42.17 15.07 
1.94 8.39 16.09 20.63 24.53 26.07 29.08 
1.48 6.99 13.01 16.07 18.63 21.81 
4.35 12.87 ?.4.08 32.86 36.77 42.38 
4.6?. 15.11 ?6.21 34.19 40.31 45.45 
5.79 15.35 24.54 28.43 32.22 32.07 35.82 
5.20 12.79 21.41 25.94 29.10 29.54 34.46 
3.59 8.35 13.45 17.07 19.06 19.86 23.69 
1.39 4.35 7.95 9.30 11.02 1~.40 
2.29 F.40 12.77 16.49 19.87 22.66 
2.36 8.45 15.81 19.06 22.28 --- 26.08 
3.19 8.8f: 16.06 16.93 18.96 19.37 19.14 
3.51 8.61 13.86 14.18 16.89 17.42 18.45 
2.43 4.69 9.14 10.50 12.43 14.27 14.95 
2.75 6.32 11.28 10.69 14.00 15.21 
3.46 10.18 13.68 15.77 18.26 19.21 
7.45 12.77 15.09 18.55 20.88 --- 22.25 
a All digestibility values are average values received from 
three runs of triplicate samples 
9 0  
S  D M O  l  
T a b l e  3 .  C o r r e l a t i o n  C o e f f i c i e n t s  B e t w e e n  ° .  a n d  t  l n ( l - O M O )  
f o r  T h r e e  S u b s t r a t e s  
F o r a g e  
S
0
( g / l )  
I n t e r c e p t  
S l o p e  
C o r r e l a t i o n  c o e f f i c i e n t  R
2  
1 0  
- . 0 0 0 3 8 0 4  
- .  1 0 1 1  
. 9 9 9 8  
2 5  
- . 0 0 0 2 3 3 9  
- . 0 4 0 5 6  
. 9 9 9 9  
1 0 0  
- . 0 0 0 1 1 3 7  
- .  1 0 0 8  
1  
N e w s . e _ r i n t  
1 0  
- . 0 0 0 9 4 7 9  
- . 1 0 1 7  
. 9 9 9 6  
2 5  
- . 0 0 0 7 5 0 2  
- . 0 4 0 6 4  
. 9 9 9 8  
1 0 0  
- . 0 0 0 2 3 6 0  
- .  0 1 0 1 3  
. 9 9 9 9  
F i l t e r  P a . e _ e r  
1 0  
- . 0 0 2 5 3 2  
- . 0 9 7 2 7  
. 9 9 9 6  
2 5  
- . 0 0 1 5 3 2  
- . 0 3 8 8 9  
. 9 9 9 8  
1 0 0  
- . 0 0 0 0 3 8 9 2  
- . 0 1 0 2 5  
. 9 9 0 5  
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Table 4. Comparison of Applicabilities of Theoretical Models 
for Three Substrates 
Substrate l\1ichaelis-l\1enten Howell Howell Huang (competitive) (noncompetitive) 
Forage 179076. 
Newsprint 161136. 
Filter Paper 133231. 
20515. 
37836. 
12486. 
46574. 
30184. 
59974. 
21200. 
25356. 
10139. 
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40 
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Digestion Agent: T. V. Cellulase 
Test: DMD vs Time (S 0 =50 g/1, E0 =5,20,50 g/1) 
Substrate: Filter Paper 
-------Michae1is-Menten 
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DieP.stion Agent: T. V. Cellulase 
Test: DMD vs Time (S 0 =10,?5,100 g/1, E0 =10 g/1) 
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INTRODUCTION 
APPLICATION OF MASS-ENERGY BALANCE 
TO HYDROCARBON FERMENTATION 
Alexis Ferrer 
Department of Chemical Engineering 
Kansas State University 
Manhattan, Kansas 66506 
~~------
The objective of this work is to develop mass-energy balance equations 
which relate the biomass energetic yield coefficient to variables which 
may be determined experimentally such as organic substrate consumption, 
biomass production, oxygen consumption, carbon dioxide production, heat 
evolution and nitrogen consumption. Once the biomass yield coefficient has 
been estimated, the values of other variables can also be estimated. The 
procedures presented in this work also allow one to test the accuracy of 
the measurements and to test whether extracellular products are formed. 
The material and energy balances are developed based on the facts 
that the heat of reaction per electron transferred to oxygen for a wide 
variety of organic molecules, Q , the number of available electrons per 
carbon atom in biomass, yb, and0 the weight fraction carbon in biomass, ob, 
are relatively constant. 
The material and energy balance equations are applied to hydrocarbon-
utilizing yeasts, and they will be used in the fu~ure to follow the progress 
of fermentations with Candida lypolytica grown on n-hexadecane as the 
primary carbon source. 
THEORY 
A. General Equations 
The mass-energy balance method employed in this work is based on the 
earlier work of Minkevich and Eroshin [1]. Their approach utilizes the 
fact that the heat of reaction per electron transferred to oxygen is 
relatively constant based on experiments with a wide variety of organic 
compounds. Minkevich, Eroshin and coworkers showed that relatively con-
stant and similar values are obtained for oxidation of dried biomass 
according to the balance equation 
(1) 
where CH 0 N denotes the elemental composition of the biomass calculated 
per atomPo¥ 8arbon and where 
yb = 4 + p - 2n - 3q (2) 
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1 0 0  
i s  t h e  r e d u c t a n c e  d e g r e e  [ 1 ]  o f  t h e  b i o m a s s ;  t h a t  i s ,  y b  i s  t h e  n u m b e r  o f  
e q u i v a l e n t s  o f  o x y g e n  r e q u i r e d  t o  o x i d i z e  a  q u a n t i t y  o f  b i o m a s s  c o n t a i n i n g  
o n e  g r a m  a t o m  o f  c a r b o n  t o  c o
2
,  H
2
0  a n d  N H
3
.  E x p e r i m e n t a l  r e s u l t s  s h o w e d  
t h a t  t h e  v a l u e  o f  t h e  r e d u c t a n c e  a e g r e e  i s  r e l a t i v e l y  c o n s t a n t  a n d  t h e  
r e l a t i v e  v a r i a n c e  i s  l e s s  t h a n  t h e  r e l a t i v e  v a r i a n c e s  i n  t h e  e l e m e n t a l  
c o m p o s i t i o n  o f  c a r b o n ,  h y d r o g e n ,  o x y g e n  a n d  n i t r o g e n .  A m m o n i a  i s  u s e d  i n  
E q u a t i o n  ( 1 )  b e c a u s e  t h e  n i t r o g e n  i n  b i o m a s s  a n d  i n  t h e  f e e d  h a s  t h i s  r e d u c -
t a n c e  d e g r e e  ( N  =  - 3 ) .  T h e  i n f l u e n c e  o f  t h e  n i t r o g e n  f r a c t i o n  i n  t h e  e n e r g y  
b a l a n c e  i s  m i n i m i z e d  w h e n  c a l c u l a t i o n s  a r e  m a d e  o n  t h i s  b a s i s .  W h e n  t h e  
c h e m i c a l  c o m p o s i t i o n  o f  t h e  b i o m a s s  i s  k n o w n ,  i t  m a y  b e  u s e d  t o  c a l c u l a t e  
y~ a c c o r d i n g  t o  E q u a t i o n  ( 2 ) ,  a n d  a l s o ,  o b ,  t h e  w e i g h t  f r a c t i o n  c a r b o n .  
W f i e n  t h e  c h e m i c a l  c o m p o s i t i o n  i s  n o t  k n o w n  t h e  a v e r a g e  v a l u e s  m a y  b e  
e m p l o y e d  ( f o r  y e a s t  y b  =  4 . 2  a n d  o b  =  0 . 4 4 6 ,  9 n d  f o r  b a c t e r i a  y b  =  4 . 2 9  a n d  
o b  =  0 . 4 8 2 )  [ 1 ) .  
T h e  m i c r o b i a l  g r o w t h  e q u a t i o n  w i l l  b e  c o n s i d e r e d  a s  f o l l o w s  
C H  0  +  a N H
3  
+  b 0
2  
=  y  C H  0  N  +  q C H  0  N  +  c H
2
0  +  d C 0
2  
( 3 )  
m  £  c  p  n  q  - r  s  t  
w h e r e  C H  O t '  C H  0  N  a n d  C H  0  N  d e n o t e  t h e  e l e m e n t a l  c o m p o s i t i o n  o f  o r g a n i c  
s u b s t r a t W ,  biomgs~ a n d  prod~c~ t e s p e c t i v e l y .  t V h e n  m o r e  t h a n  o n e  p r o d u c t  i s  
p r e s e n t ,  C H  0  N  m a y  h e  t a k e n  a s  t h e  a v e r a g e  e l e m e n t a l  c o m p o s i t i o n  o f  t h e  
p r o d u c t s .  Th~ § u b s c r i p t s  d e n o t e  n u m b e r s  o f  a t o m s  o f  h y d r o g e n ,  o x y g e n  a n d  
n i t r o g e n  p e r  c a r b o n .  T h e  c o e f f i c i e n t s  y  ,  z  a n d  d  a r e  t h e  f r a c t i o n  o f  
s u b s t r a t e  c a r b o n  c o n v e r t e d  t o  b i o m a s s ,  p~oduct a n d  c a r b o n  d i o x i d e ,  r e s p e c t i v e l y .  
T h e  r e d u c t a n c e  d e g r e e ,  y  ,  o f  t h e  o r g a n i c  s u b s t r a t e  ( o r  n u m b e r  o f  
e q u i v a l e n t s  o f  a v a i l a b l e  elec~rons i n  t h a t  q u a n t i t y  o f  o r g a n i c  s u b s t r a t e  
w h i c h  c o n t a i n s  o n e  g r a m  a t o m  c a r b o n )  i s  
y  =  4  +  m  - 2 £  
s  
a n d ,  s i m i l a r l y ,  f o r  t h e  p r o d u c t  
y  =  4  +  r  - 2 s  - 3 t  
p  
( 4 )  
( 5 )  
w h e r e  t h e  n u m b e r  o f  e q u i v a l e n t s  o f  a v a i l a b l e  e l e c t r o n s  i s  t a k e n  a s  f o u r  f o r  
c a r b o n ,  o n e  f o r  h y d r o g e n ,  m i n u s  t w o  f o r  o x y g e n ,  a n d  m i n u s  t h r e e  f o r  n i t r o g e n .  
T h e r e f o r e  t h e r e  a r e  n o  a v a i l a b l e  e l e c t r o n s  i n  c o
2
,  H
2
0  a n d  N H
3
•  
M i n k e v i c h ,  E r o s h i n  a n d  c o w o r k e r s  [ 1 ]  h a v e  s h o w n  t h a t  t h e  h e a t  o f  r e a c t i o n  
p e r  e l e c t r o n  t r a n s f e r r e d  t o  o x y g e n ,  Q  ,  i s  r e l a t i v e l y  c o n s t a n t  f o r  t h e  o r g a n i c  
m o l e c u l e s  u s e d  a s  s u b s t r a t e s  i n  f e r m e g t a t i o n s ,  a n d  e q u a l  t o  2 7  K c a l / e q u i v a l e n t  
o f  a v a i l a b l e  e l e c t r o n s  t r a n s f e r r e d  t o  o x y g e n .  T h i s  r e g u l a r i t y  e n a b l e s  o n e  
t o  m a k e  a n  e n e r g y  b a l a n c e  a s  f o l l o w s  
Q  y  +  Q  b  ( - 4 )  =  y  Q  y b  +  z  Q  y  
0  s  0  c  0  0  p  
( 6 )  
w h e r e  Q  y  i s  t h e  e n e r g y  i n  s u b s t r a t e ,  y  Q  y b  i s  t h e  e n e r g y  i n  o r g a n i c  s u b -
s t r a t e  ~hich i s  t r a n s f e r r e d  t o  b i o m a s s ,  ~ G  y  i s  t h e  e n e r g y  i n  o r g a n i c  s u b -
s t r a t e  w h i c h  i s  t r a n s f e r r e d  t o  p r o d u c t  a n d  
0  
p  
101 
Q = Q b (-4) 
0 
(7) 
is the heat evolved in the reaction. If heat evolution and oxygen con-
sumption are measured, Q can be used to test the accuracy of the measure-
ments [2]. Dividing Equgtion 6 by Q y gives 
0 s 
1 = £ + n + ~ p (8) 
where a) y CQO yb Yc Yb n = =--Qoys Ys 
z QoyE z y 
b) ~ = = ____J2_ p Qoys Ys 
c) 4b £ = --
Ys 
n, denotes the biomass energetic yield coefficient or the fraction of organic 
substrate energy transferred to biomass; ~ , denotes the product energetic 
yield coefficient or the fraction of organ~c substrate energy transferred 
to product; £, denotes the fraction of organic substrate energy evolved 
as heat. 
Equation Sa shows that the biomass carbon yield (y ) is a linear func-
tion of the biomass energetic yield coefficient (n). c 
The oxygen requirement is directly related to the available electrons 
to be transferred to oxygen; thus, a balance may be written based on the 
available electrons in Equation 3. 
y + b(-4) = y Yb + ZY 
s c p (9) 
If equation 9 is solved for b, it gives the oxygen requirement. Dividing 
Equation 9 by y , gives the fractional allocation of available electrons 
in the organic ~ubstrate 
4b yb y 
+y -+z..:..E.=l 
Ys c Ys Ys 
(10) 
and this equation results in 
£ + n + ~P = 1 (11) 
The constant value Q allows the mass and energy balances to be coupled 
together into a mass~energy balance. This equation is a mass balance re-
lating the oxygen consumption, b, the biomass carbon yield, y , and the 
c product carbon yield, z, and also is an energy balance (see derivation of 
Equation 8). 
According to Equation 3, the overall carbon balance is given by 
y +z+d=l 
c 
(12) 
a n d  t h e  n i t r o g e n  b a l a n c e  i s  g i v e n  b y  
a  =  y  q  +  z t  
c  
1 0 2  
( 1 3 )  
E q u a t i o n  1 2  p r o v i d e s  a n .  e x p r e s s i o n  t h a t  r e l a t e s  t h e  c o e f f i c i e n t s  y  a n d  z  
( f r o m  t h e  m a s s - e n e r g y  e q u a t i o n )  t o  t h e  c a r b o n  d i o x i d e  e v o l u t i o n .  c i t  c a n  
t e s t  w h e t h e r  t h e r e  a r e  m e a s u r e m e n t s  e r r o r s  ( i f  y  +  d  >  1 )  a n d  w h e t h e r  
p r o d u c t s  a r e  f o r m e d  ( i f  y  +  d  <  1 )  [ 2 ] .  E q u a t i g n  1 3  a n d  a m m o n i a  c o n -
s u m p t i o n  m e a s u r e m e n t s  m a y c b e  u s e d  t o  e s t i m a t e  t h e  b i o m a s s  e n e r g e t i c  y i e l d  
c o e f f i c i e n t .  I f  t h e  v a l u e s  o f  q  a n d  t  a r e  k n o w n ,  E q u a t i o n  ( 1 3 )  c a n  b e  u s e d  
t o  t e s t  t h e  a c c u r a c y  o f  t h e  m e a s u r e m e n t s .  
B .  W h e n  P r o d u c t s  A r e  N o t  Form~d. 
I n  t h i s  p a r t i c u l a r  c a s e  ~ 
p  
E  +  n  =  1  
B y  s u b s t i t u t i n g  E q u a t i o n  7  
4 b  
- +  n  =  1  
Y s  
a n d  s o l v i n g  f o r  b ,  
Y s  
b  = - ( 1  - n )  
4  
z  =  0 ,  a n d  E q u a t i o n  1 1  b e c o m e s  
( 1 4 )  
( 1 5 )  
( 1 6 )  
E q u a t i o n  1 6  s h o w s  t h a t  t h e  o x y g e n  c o n s u m p t i o n ,  b ,  i s  a  l i n e a r  f u n c t i o n  o f  
t h e  b i o m a s s  e n e r g e t i c  y i e l d  c o e f f i c i e n t ,  n .  
T h e  o v e r a l l  c a r b o n  b a l a n c e  b e c o m e s  
y  +  d  =  1  
c  
a n d  b y  s u b s t i t u t i n g  E q u a t i o n  8 a ,  
d  
Y s  
1 - - n  
y b  
( 1 7 )  
( 1 8 )  
T h i s  e q u a t i o n  s h o w s  t h a t  t h e  c a r b o n  d i o x i d e  p r o d u c t i o n ,  d ,  i s  a  l i n e a r  f u n c -
t i o n  o f  t h e  b i o m a s s  e n e r g e t i c  y i e l d  c o e f f i c i e n t ,  n .  
T h e  n i t r o g e n  b a l a n c e  b e c o m e s  
a  =  y c q  
a n d  b y  s u b s t i t u t i n g  E q u a t i o n  8 a ,  
Y s  
a =  q - n  
y b  
( 1 9 )  
( 2 0 )  
T h i s  e q u a t i o n  s h o w s  t h a t  t h e  a m m o n i a  c o n s u m p t i o n ,  a ,  i s  a  l i n e a r  f u n c t i o n  
o f  t h e  b i o m a s s  e n e r g e t i c  y i e l d  c o e f f i c i e n t ,  n .  
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C. For Yeast Grown On n-Hexadecane Without Product Formation. 
For n-hexadecane, y = 6.125 and a = 0.85. For yeast, the following 
parameters are assumed: syb = 4.2, ob =s0.446, and q = 0.163 [1]. 
Equations 8a, 16, 18 and 20 become 
y c l.l•58 11 
b 1.531 (1-n) 
d = 1 - 1. 458 11 
a = 0.238 11 
Similar expressions may be obtained using mass ratios; that is, 
Y I= 2.777 11 
c 
b' 3.472 0-n) 
d' = 3.115- 4.542 n 
a' 0. 286 n 
( 21) 
( 22) 
(23) 
( 24) 
( 25) 
( 26) 
( 27) 
( 28) 
where yc' = g biomass/g substrate, b' = g o2/g substrate, d' = g C0 2/ g substrate, 
and a' = g NH 3/g substrate. 
Equations 21 to 28 show that when products are not present, one ratio 
determines the value of the biomass energetic yield coefficient. These ratios 
depend on the energy in the organic substrate. If more than one ratio is 
measured, it can be used to test the aC'curacy of the measurements. 
The estimates of 11 given by Equations 21 and 25 (biomass and substrate 
information) do not depend on the presence of products. The other estimates 
do. Comparison among them gives information about presence and amount of 
products. However, estimates of 11 based on NH 3 , co 2, and 0 2 are very usefuly 
since these variables quickly follow small changes in 11 daring fermentation. 
Estimates of n based on oxygen consumption (Equations 22 and 26) have the 
advantage of not requiring estimates 6f yb' ob, and q. However, these are only 
good estimates of 11 if products are not formed. 
By combining Equations 21 to 28, other ratios may be written 
d 0.653 - 0.952 11 ( 29) = b 1 - n 
a 0.155 n 
= ( 30) b 1 - n 
a 0.238 n ( 31) =. d 1 - 1. 458 n 
d 0.686 1 (32) = -11--
Yc 
1 0 4  
d '  
0 .  8 9  7  - 1 .  3 0 8  1 1  
( 3 3 )  
- =  
b  I  
1  - n  
a '  _  0 . 0 8 2  1 1  
( 3 4 )  
b ' -
1  - 1 1  
a '  
0 . 0 9 2  1 1  
( 3 5 )  
- =  
1  - 1 . 4 5 8  1 1  
d '  
d '  1 . 1 2 2  
- 1 .  6 3 6  
( 3 6 )  
- =  
y '  
1 1  
c  
E q u a t i o n s  2 9  t o  3 6  s h o w  t h a t  1 1  c a n  b e  e s t i m a t e d  w i t h  r a t i o s  w h i c h  d o  
n o t  r e q u i r e  o r g a n i c  s u b s t r a t e  c o n s u m p t i o n  m e a s u r e m e n t s .  H o w e v e r ,  o n l y  t h e  
r a t i o  N H
3
/ o
2  
( a / b a n d  a ' / b ' )  i s  n o t  a  f u n c t i o n  o f  y  ,  t h e  r e d u c t a n c e  d e g r e e  
o f  t h e  o r g a n i c  s u b s t r a t e .  s  
I f  t h e  d i f f e r e n c e s  a m o n g  e s t i m a t e s  o f  1 1  a r e  l a r g e ,  t h i s  m a y  b e  d u e  t o  
p r o d u c t  f o r m a t i o n ,  m e a s u r e m e n t  e r r o r s ,  o r  a n  i n c o r r e c t  a s s u m p t i o n ,  s u c h  a s  
n i t r o g e n  c o n t e n t  i n  t h e  b i o m a s s .  
E q u a t i o n s  2 1  t o  2 8  h a v e  b e e n  p l o t t e d  i n  F i g u r e  1 .  E q u a t i o n s  2 9  t o  3 6  
h a v e  b e e n  p l o t t e d  i n  F i g u r e  2 .  
D I S C U S S I O N  O F  R E S U L T S  
F i g u r e s  1  a n d  2  h a v e  b e e n  c o n s t r u c t e d  t o  i l l u s t r a t e  h o w  v a r i o u s  s e t s  o f  
m e a s u r e d  v a l u e s  m a y  b e  u s e d  t o  q u i c k l y  e s t i m a t e  y i e l d  c o e f f i c i e n t s .  A l s o ,  
i t  e n a b l e s  o n e  t o  v i s u a l l y  a p p r e c i a t e  t h e  r e l a t i v e  a c c u r a c y  w i t h  w h i c h  1 1  
m a y  b e  e s t i m a t e d  w h e n  v a l u e s  o f  t h e  v a r i a n c e  o f  t h e  m e a s u r e m e n t s  a r e  k n o w n .  
F i g .  1  s h o w s  t h e  l i n e a r  r e l a t i o n s h i p  w h i c h  e x i s t s  b e t w e e n  t h e  b i o m a s s  
e n e r g e t i c  y i e l d  c o e f f i c i e n t  a n d  t h e  r a t i o s  o f  N H
3
/ s u b s . ,  0
2
/ s u b s . ,  c o
2
/ s u b s .  
a n d  b i o m a s s / s u b s .  
T h e  b i o m a s s  y i e l d ,  y  ,  i n c r e a s e s  a s  1 1  i n c r e a s e s .  I t  m a y  e x c e e d  1  i f  
s u b s t r a t e  e n e r g y  i s  s u f f i g i e n t l y  h i g h .  T h i s  c o r r e s p o n d s  t o  ov~rall a s s i m i -
l a t i o n  o f  c o
2
.  
T h e  s p e c i f i c  o x y g e n  r e q u i r e m e n t  d e c r e a s e s  a s  1 1  i n c r e a s e s .  
T h e  p r o d u c t i o n  o f  c o
2  
d e c r e a s e s  a s  1 1  i n c r e a s e s .  
T h e  r e q u i r e m e n t  o f  a m m o n i a  i n c r e a s e s  a s  1 1  i n c r e a s e s .  
F i g .  I I  s h o w s  t h a t  o t h e r  r a t i o s  m a y  g i v e  g o o d  e s t i m a t e s  f o r  s m a l l  v a l u e s  
o f  1 1 ·  C o m m o n  v a l u e s  o f  1 1  a r e  b e t w e e n  0 . 3  a n d  0 . 7 .  T h e  t h e r m o d y n a m i c  r a n g e  
f o r  1 1  i s  f r o m  z e r o  t o  1  f o r  e v e r y  o r g a n i c  s u b s t r a t e .  
W h e n  t h e  r a t i o s  a / y  o r  a ' / y  '  a r e  k n o w n ,  t h e s e  c a n  b e  c h e c k e d  a g a i n s t  
m e a s u r e d  o r  e s t i m a t e d  v a l u e s  o f  b i o m a s s  n i t r o g e n  f r a c t i o n  ( E q u a t i o n  1 9 ) .  
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CONCLUSIONS 
Mass-energy balance may be used advantageously in analyzing experimental 
results and in the operation of fermentation processes. 
Characterization of organic materials using their reductance degrees 
greatly simplifies material and energy balances computations and allows one 
to use the facts that yb is relatively ~onstant and that Q
0 
is constant. 
n provides a useful parameter which may be directly related to various 
yield coefficients. It is the principal factor on which the yield coeffi-
cients are dependent. 
This technique can detect product formation, possible amounts of. 
products and measurement errors. 
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NOMENCLATURE 
a Holes of ammonia per quantity of organic substrate containing one g 
atom carbon, g mole/g atom carbon 
b Moles of oxygen per quantity of organic substrate containing one g 
atom carbon, g mole/g atom carbon 
c Moles of water per quantity of organic substrate containing one g 
atom carbon, g mole/g atom carbon 
d Moles of carbon dioxide per quantity of organic substrate containing 
one g atom carbon, g mole/g atom carbon 
~ Atomic ratio of oxygen to carbon in organic substrate, dimensionless 
m Atomic ratio of hydrogen to carbon in organic substrate, dimensionless 
n Atomic ratio of oxygen to carbon in biomass, dimensionless 
p Atomic ratio of hydrogen to carbon in biomass, dimensionless 
q Atomic ratio of nitrogen to carbon in biomass, dimensionless 
r Atomic ratio of hydrogen to carbon in products, dimensionless 
s Atomic ratio of oxygen to carbon in products, dimensionless 
t Atomic ratio of nitrogen to carbon in products, dimensionless 
y c  
z  
y b  
y p  
Y s  
~p 
£  
1 1  
o b  
0  
s  
1 0 6  
B i o m a s s  c a r b o n  y i e l d  ( f r a c t i o n  o f  o r g a n i c  s u b s t r a t e  c a r b o n  i n  b i o m a s s ,  
d i m e n s i o n l e s s  
f r a c t i o n  o f  o r g a n i c  s u b s t r a t e  c a r b o n  i n  p r o d u c t s ,  d i m e n s i o n l e s s  
R e d u c t a n c e  d e g r e e  o f  b i o m a s s ,  e q u i v a l e n t s  o f  a v a i l a b l e  e l e c t r o n s  
p e r  g  a t o m  c a r b o n  
R e d u c t a n c e  d e g r e e  o f  p r o d u c t s ,  e q u i v a l e n t s  o f  a v a i l a b l e  e l e c t r o n s  
p e r  g  a t o m  c a r b o n  
R e d u c t a n c e  d e g r e e  o f  o r g a n i c  s u b s t r a t e ,  e q u i v a l e n t s  o f  a v a i l a b l e  
e l e c t r o n s  p e r  g  a t o m  c a r b o n  
F r a c t i o n  o f  e n e r g y  i n  o r g a n i c  s u b s t r a t e  w h i c h  i s  c o n v e r t e d  t o  p r o d u c t s ,  
d i m e n s i o n l e s s  
F r a c t i o n  o f  e n e r g y  i n  o r g a n i c  s u b s t r a t e  e v o l v e d  a s  h e a t ,  d i m e n s i o n l e s s  
F r a c t i o n  o f  e n e r g y  i n  o r g a n i c  s u b s t r a t e  w h i c h  i s  c o n v e r t e d  t o  b i o m a s s ,  
d i m e n s i o n l e s s  
W e i g h t  f r a c t i o n  c a r b o n  i n  b i o m a s s ,  d i m e n s i o n l e s s  
W e i g h t  f r a c t i o n  c a r b o n  i n  o r g a n i c  s u b s t r a t e ,  d i m e n s i o n l e s s  
P r i m e  v a r i a b l e s  c o r r e s p o n d  t o  m a s s  b a s i s .  
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Figure 1. Variation of several ratios with biomass energetic yield for yeast 
grown on n-hexadecane; a = moles NH3/g atom carbon in organic 
substrate, b = moles o2/g atom carbon in organic substrate, d =moles co 2/ g atom carbon in organic substrate, yc = g atom 
•carbon in biomass/ g atom carbon in organic substrate. Dashed 
linP~ ArP for mARA r:~.tioR of th~ sa~ variabl~s. 
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F i g u r e  2 .  V a r i a t i o n  o f  s e v e r a l  r a t i o s  w i t h  b i o m a s s  e n e r g e t i c  y i e l d  f o r  y e a s t  
g r o w n  o n  n - h e x a d e c a n e ;  d / b  =  m o l e s  C 0
2
/ m o l e s  0
2
,  a / d  =  m o l e s  
N H
3
/ m o l e s  C O x ,  a / b  =  m o l e s  m i
3
/ m o l e s  0
2
,  d / y c  =  m o l e s  C 0
2
/  
g  a t o m  c a r b o n  i n  b i o m a s s .  D a s h e d  l i n e s  a r e  f o r  m a s s  r a t i o s  o f  
t h e  s a m e  v a r i a b l e s .  
PURIFICATION OF A SERIES OF CLOSELY RELATED XYLANASES 
INTRODUCTION 
Mary M. Frederick 
Department of Chemical Engineering 
Iowa State University 
Ames, Iowa SOOll 
By the previous symposium, two major enzyme groups, labeled 
Fractions B and C, that hydrolyze without exception every xylan offered 
to them, had been separated from a crude hemicellulase mixture from 
Aspergillus niger (Rohm and Haas Rhozyme HP-150 Concentrate) by gel 
permeation chromatography with Ultrogel AcA 54. These complexes appeared 
to be composed of xylanases with isoelectric points that ranged from pH 3 
_to pH 7, with f gap between pH 4.5 and pH 5.5, as determined by isoelec-
tric focusing. 
This gap was used to good advantage, as Fractions B and C were sub-
jected to SP-Sephadex C-25 ion exchange chromatography at pH 4.5, which 
allowed proteins with isoelectric points below approximately pH 5.5 to 
pass through the column unretarded, while partially separating proteins 
with isoelectric points above pH 5.5 (Figures 1-3). The material that 
was not retarded was introduced to a DEAE-Sephadex A-25 column at pH 5.5, 
which partially resolved proteins with isoelectric points below pH 4.5 
(Figures 4-6). Since everything added to this columy was in this cate-
gory, nothing passed through without being retarded. 
This paper will present the properties of this series of xylanases, 
and the further purification of one of them. 
MATERIALS AND METHODS 
Enzyme Assa::( 
E2zyme activity was determined with a Somogyi-Nelson reducing sugar 
assay. Samples of 100-200 ~1 of enzyme solution were mixed with 0.5 ml 
of approximately 1% xylan (2% of Sigma X3875 larchwood xylan, Lot 62C-
2820, dissolved in water at room temperature and the undissolved material 
centrifuged out) and 1.5 ml of 0.07SM sodium acetate buffer at pH 4.8. 
After a 20-min incubation at 40°C, 2 ml of Somogyi's solution were added, 
and the mixture was held at 100°C for 20 min. It was then cooled for 5 
min, and 2 ml of Nelson's reagent were added. After standing for 30-60 
min, the mixture was transferred to a 1 em path length cuvette, and its 
absorbance determined at 500 nm with a Beckman DU spectrophotometer modi-
fied with a Gilford Model 252 update system. Activity was measured in 
units (U), where 1 U was the enzyme necessary to release 1 ~mol of reduc-
ing sugar in 1 min under the conditions of the assay. 
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P r o t e i n  D e t e r m i n a t i o n  
W i t h  c o l u m n  e f f l u e n t s ,  p r o t e i n  w a s  d e t e r m i n e d  b y  m e a s u r i n g  t h e  
a b s o r b a n c e  a t  2 8 0  n m .  W i t h
3
e n z y m e  p o o l s ,  t h e  B i o - R a d  p r o t e i n  a s s a y ,  
b a s e d  o n  B r a d f o r d ' s  m e t h o d ,  w a s  u s e d .  
R E S U L T S  
p H - A c t i v i t y  P r o f i l e s  o f  F r a c t i o n  B  X y l a n a s e s  
S a m p l e s  o f  v a r i o u s  F r a c t i o n  B  a n d  C  x y l a n a s e s  w e r e  s u b j e c t e d  t o  
1 1 0  
t h e  s t a n d a r d  a s s a y ,  e x c e p t  t h a t  d i f f e r e n t  b u f f e r s  w e r e  e m p l o y e d  a t  
d i f f e r e n t  p H ' s .  F r o m  p H  2 . 8  t o  6 . 3 ,  0 . 0 3 5 M  c i t r a t e  b u f f e r  w a s  u s e d ,  
w h i l e  0 . 0 3 5 M  p h o s p h a t e  b u f f e r  w a s  e m p l o y e d  b e t w e e n  p H ' s  5 . 8  a n d  7 . 6  a n d  
0 . 0 3 5 M  b o r a t e  b u f f e r  b e t w e e n  p H ' s  7 . 8  a n d  8 . 9 .  A l l  s o l u t i o n s  w e r e  a d -
j u s t e d  t o  0 . 0 5 M  i o n i c  s t r e n g t h  w i t h  N a C l  a n d  w e r e  b r o u g h t  t o  0 . 0 2 %  s o d i u m  
a z i d e .  
R e s u l t s  a r e  s h o w n  i n  F i g s .  7  t h r o u g h  1 0 ,  w h e r e  p r o f i l e s  a r e  s u p e r -
i m p o s e d  ( w i t h  d i f f e r e n t  b a s e s )  s o  t h a t  c o m p a r i s o n s  c a n  b e t t e r  b e  m a d e .  
F r a c t i o n  B  p o o l s  s e p a r a t e d  b y  S P - S e p h a d e x  c h r o m a t o g r a p h y  w e r e  m o s t  a c t i v e  
b e t w e e n  p H ' s  4  a n d  6 . 5 ,  t h e  o p t i m u m  b e i n g  l o w e s t  w i t h  P o o l  1  a n d  h i g h e s t  
w i t h  P o o l s  4  a n d  5 .  T h i s  v a r i a t i o n  i n d i c a t e s  t h a t  a t  l e a s t  t w o  x y l a n a s e s  
w i t h  d i f f e r e n t  p H  o p t i m a  w e r e  p r e s e n t  i n  t h e s e  p o o l s .  
P o o l s  s e p a r a t e d  b y  D E A E - S e p h a d e x  c h r o m a t o g r a p h y  w e r e  m o s t  a c t i v e  
a b o u t  p H  5 ,  w i t h  l i t t l e  c h a n g e  a p p a r e n t  b e y o n d  t h a t  f r o m  e x p e r i m e n t a l  
v a r i a t i o n .  T h i s  i s  s o m e w h a t  m o r e  a c i d  t h e n  t h e  F r a c t i o n  B  x y l a n a s e s  
s e p a r a t e d  b y  S P - S e p h a d e x .  S t r o n g  b u f f e r  e f f e c t s  w e r e  n o t e d  i n  t h i s  g r o u p ,  
t h o u g h  F i g .  8  h a s  b e e n  p l o t t e d  t o  r e m o v e  t h i s ,  b y  l e v e l i n g  t h e  a c t i v i t y  
d i f f e r e n c e s  a t  p H ' s  w h e r e  t w o  b u f f e r s  w e r e  e m p l o y e d .  
W i t h  F r a c t i o n  C  x y l a n a s e s ,  p H  opt~ma w e r e  c l o s e  t o  5 ,  w i t h  t h e  
e x c e p t i o n  o f  P o o l s  6 F  a n d  7 ,  w h e r e  t h e  o p t i m a  a p p r o a c h e d  p H  6 .  
M o l e c u l a r  W e i g h t  o f  F r a c t i o n  B  X y l a n a s e s  
S a m p l e s  o f  1  m l ,  c o n t a i n i n g  P o o l s  1 - 5  i n  0 . 0 3  M  c i t r a t e  b u f f e r  a t  
p H  5 . 1 3  a n d  0 . 0 5 M  N a C l ,  w e r e  a d d e d  t o  a  1 . 7  e m  o . d .  a n d  1 7 5  e m  l o n g  
U l t r o g e l  A c A  5 4  c o l u m n  a n d  e l u t e d  w i t h  0 . 2  m l / m i n  o f  t h e  s a m e  s o l u t i o n  t o  
d e t e r m i n e  t h e i r  m o l e c u l a r  w e i g h t s .  A  n u m b e r  o f  o t h e r  p r o t e i n s  o f  k n o w n  
s i z e  w e r e  u s e d  a s  s t a n d a r d s ,  a n d  a  p l o t  o f  l n  ( M W )  v s .  K ,  d e f i n e d  a s  
v  - v  
e l u t e d  v o i d  
K  =  V  
v t o t a l  - v o i d  
w a s  c o n s t r u c t e d  ( F i g .  1 1 ) .  A l l  t h e s e  p o o l s ,  d e r i v e d  f r o m  F r a c t i o n  B  s u b -
j e c t e d  t o  S P - S e p h a d e x  c h r o m a t o g r a p h y ,  h a d  t h e  s a m e  m o l e c u l a r  w e i g h t ,  
1 9 , 0 0 0  d a l t o n s .  
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Stability of Pool 2 
Two different samples of z~ude Poot+2 were tested for stability in 
the presence and absence of Ca and Mg • In the first test, Pool 2 of 
0.123 U/ml activity and 0.08 mg/ml protein concentration was incubated 
with 0.025M sodium acetate at pH 4.8 and_r0°C. Decay was 2tirst order, 
with a r!ie constant of 02,!.56 ± 0.054 hr with O.Sm.l>f. Mg , and 0.118 + 0.040 hr with 0. SmM Ca , where the ranges indicate 95% confi~~nce 
li,~ts. These are equivalent z~ half-lives of 4.4 h2+when no Ca or 
Mg was added, 4.0 hr with Mg , and 5.9 hr with Ca • 
When Pool 2 of 0.183 U/ml activity and 0.12 mg/ml protein concen-
tration was 
buffer, the 
life of 9!~ 
0.0228 hr 
incubated at 60°C and pH 4.8 with 0.025M sodium a£itate 
first-order deca¥+constant was 0.0743 ± 0.0184 hr , a half-
hr. With lmM Ca added, a decay constant of 0.0477 + 
was obtained. This yielded a half-life of 14.5 hr. 
These rather fragmented experiments indicated that '~re concentrated 
enzyme solutions are more stable and that addition of Ca protects the 
enzyme to some extent. 
Partial Purification of Pool 2 
Pool 2, which had the highest protein concentration (determined by 
absorbance at 280 nm) of any Fraction B xylanase separated by SP-Sephadex 
at pH 5.5, was further purified by passing it through an SP-Sephadex 
column at pH 4.5 and then through a Sephadex G-50 Superfine column. The 
first treatment was ineffective, but addition of 25 ml to a 2.4 em o.d. x 
135 em long G-50 column, followed by elution with 0.2 ml/min of 0.3M 
citrate buffer at pH 5.10, led to approximately ten-fold purification, 
the bulk of the non-active protein leaving the column before the enzyme 
active on xylan. • 
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